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PREFACE 


Tuts book is a successor to the original work on the same subject by the late W. S. 
Gray, B.A., M.A.I. (Dublin), A.M.I.C.E. The text has been almost entirely 
re-written and considerably extended. 

Unless specifically stated to the contrary the text refers to unlined tanks to 
contain water at or near air temperature. Tanks to contain hot, very cold, corrosive 
or highly penetrating liquids require special treatment and special lining (see 
Chapter 26). 

It is assumed that the reader has a working knowledge of the basic principles 
of reinforced concrete design and the theory of structures. 

G. P. M. 


NOTATION 


Tue notation adopted is generally in accordance with that used in CP. 114:1957, 
the most commonly-used symbols being as follows : 


overall depth of column section. 

cross-sectional area of steel in compression. 

cross-sectional area of steel in tension. 

breadth of rectangular beam or member. 

diameter of cylindrical tank. 

overall depth of member (beam section). 

effective depth to tension reinforcement. 

depth to neutral axis (= n,d,). 

elastic modulus of concrete. 

elastic modulus of steel. 

local bond stress. 

actual compressive stress in concrete in bending. 

actual compressive stress in concrete in direct compression. 

actual tensile stress in concrete. 

actual tensile stress in steel. 

total height or depth of tank. 

head of water. 

stiffness factor (= I/L). 

lever arm. 

modular ratio. 

intensity of water pressure. 

maximum permissible compressive stress in concrete in bending. 

maximum permissible compressive stress in concrete in direct com- 
pression. 

maximum permissible tensile stress in concrete. 

maximum permissible tensile stress in steel. 

total shearing force. 

shearing stress. 

radius (usually of circular tank). 

proportion of reinforcement in tension (= A,,/bd,). 

adhesion or bond stress. 

overall thickness of member. 

total tensile force. 

total load. 


CHAPTER ONE 


PRELIMINARY ARRANGEMENT, DIMENSIONS AND 
BASIC DESIGN 


In this book the term ‘reservoir’ is intended to apply generally to service reservoirs 
similar in size and type to the examples shown in Chapter 27. The term ‘ tank’ 
is here generally applied to tanks found in industrial or public utility undertakings 
such as gas works, sewage works, cement works, etc. 

Reservoirs are normally placed on the highest available site. This generally 
means that the ground is sound and the ground-water level is well below the surface. 
To construct a reservoir in such circumstances it is often possible simply to excavate 
a hole some 20 ft. or 30 ft. deep and line it with concrete, as shown in Fig. 1.1. 


Fig. 1.1. 


A 6-in. layer of reinforced concrete laid on 3 inches of mass concrete is all that is 
necessary, and the arrangement shown in this figure generally provides the cheapest 
method of water storage. The only difficulty in construction is the top shuttering 
for the slopes, which must be clearly specified and properly designed to enable the 
concrete to bé soundly consolidated. Unless the site is well above the surrounding 
country the floor level of a totally excavated reservoir, such as that shown in Fig. 1.1, 
may be too low to produce the necessary head of pressure in the supply system to 
supply the higher parts of the neighbourhood, but may be sufficiently high to supply 
all the lower parts of the neighbourhood. There may then be a choice between 
raising the floor level of the reservoir or leaving the floor level as it is and providing 
a small water tower to supply the higher parts of the neighbourhood. 

If the top water level to be provided is only a few feet above ground level a 
mass concrete wall, as in Fig. 1.2, is probably the best solution, but for greater depths 


Fig. 1.2. 


some form of reinforced concrete wall is generally necessary, as in Fig. 1.3. Gener- 
ally the wall is the most expensive item (more particularly since the publication 
of Code CP.2007) and the designer should examine all reasonable means of reducing 
the effective height. If the floor level is at least 2 ft. below the ground it may be 
cheaper to build up in mass concrete to reduce the effective height of the reinforced 
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concrete wall, as shown in Fig. 1.4. If the floor level is slightly above ground level 
it may be cheaper to make up in solid mass concrete or in hand-packed stone 
flushed solid with a sand-and-cement mortar, but when the floor must be several 
feet above ground level the provision of some type of suspended floor becomes 
essential (see Chapter 16). 

The need for a suspended floor may be more apparent than real. If the level 
x-x in Fig. 1.4 represents the lowest usable water level (all water below this level 
having too low a head of pressure) it may, particularly in a large reservoir, be 
cheaper to build the reservoir as shown, rather than put in an expensive suspended 
floor at level x-x, and also cheaper than filling solid below level x-x with mass 


Fig. 1.3. Fig. 1.4. 


concrete. In fact this design consists of filling solid below level x-x with unusable 
water. Most modern reservoirs are roofed over and this complicates the question 
of cost since a reservoir with sloping sides, as that in Fig. 1.1, has a larger roof 
area than one of similar capacity and similar depth but with vertical sides. The 
determination of the best dimensions for a reservoir to hold a given volume of 
water with a given minimum pressure head in the main may therefore entail the 
consideration of several alternative designs for the reservoir itself and possibly 
several alternative combinations of reservoir and water tower. 

Tanks, by contrast, are often sited on low-lying quaternary ground and sinking 
them below ground level entails heavy construction. Their dimensions and levels 
are usually fixed by the commercial processes they serve, and the designer has 
generally no need to consider alternative depths and diameters. 


Cover to Reinforcement 


The subject of the correct amount of concrete cover necessary to the reinforce- 
ment, which is vital in water-containing work, seems to be widely misunderstood. 
Few people seem to realize that 1 in. of actual cover will certainly protect the 
steel while 2 in. of specified but non-existent cover will certainly not. Many exposed 
reinforced concrete structures more than 20 years old show rust marks and some 
spalling, and this has led to a surprising amount of erroneous thinking. In a small 
minority of cases of rusting the trouble may be due to the drawings and specification 
calling for too little cover but in the vast majority of cases the drawings and specifica- 
tion call for ample cover, but they neither show nor specify the means by which 
this cover is to be maintained, and the contractor has therefore failed to maintain 
it. Some engineers seem to think that if they vaguely and hopefully specify 2 in. 
of cover the contractor may reasonably be expected to provide a minimum of 1 in. 
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Clearly the remedy is not to specify more and more non-existent cover but to insist 
on the maintenance of the actual cover specified. 

Bars in floors may be supported on purpose-made sand-and-cement blocks as 
shown in Fig. 1.5. In walls and columns the bars may also be kept away from 
the shutters by sand-and-cement blocks but are held much more positively by 
asbestos-cement spacers of the type shown in Fig. 1.6. These spacers are circular 


1:2 sand 
and cement 


iY " 


Fig. 1.5. 


and each has a central hole ;'g in. larger than the diameter of the bar over which 
it is threaded. They are 3 in. thick and one spacer per square yard of wall shutter- 
ing should be sufficient. Means for keeping the steel in place must be shown on 
the drawings, described in the specification, and included in the bill of quantities. 

An actual cover of 1 in. outside column links and small bars and 1 in. outside 
main bars up to 14 in. in diameter is ample, provided that the specification also 


I 
2%a"--- 3h" ° 
rhe" hole Yet hole 
asbestos-cement 
Fig. 1.6. 


insists that the ends of the binding wire are turned inward and not allowed to 
encroach on the cover, as this is a frequent cause of the commencement of rusting. 

Since the cement tends to rise to the surface and the steel tends to sink, a nominal 
cover of 1 in. above the top bars in a beam or a slab is ample. However much 
honeycombing may occur on the bottom or cheeks of a beam (or on the face of 
a wall) the top surface of a beam or a slab is always sound and solid. The reinforce- 
ment may be displaced sideways or downward by ramming or vibrating, and such 
displacement is not visible until it is too late, but it can scarcely be displaced 
upwards as the top bars remain in sight until the concreting is almost complete. 


Effects of Earth Banking on Calculated Working Stresses 


Many old service reservoirs have vertical brick walls which appear, at first 
sight, to be retaining walls. The construction, however, consists essentially of a 
circular hole with a lining of puddle clay which has a facing of brickwork in lime 
mortar. The water pressure passes through the brickwork facing, on to the puddle 
clay and thence on to the surrounding ground. 

In the design of a modern reservoir with vertical walls it is the usual practice 
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to make the walls themselves sufficiently strong to carry all the water pressure, and 
any support that the walls may receive from the external earth banking is ignored. 

It seems irritating and illogical that ‘ old-fashioned ’ design can shed 100 per 
cent. of the water pressure on to the earth banking while ‘ modern’ design can 
shed none, particularly since the wall must also be made sufficiently strong to 
resist heavy inward earth pressure when the reservoir is empty. Surely, it is often 
argued, some ‘safe’ fraction of this earth pressure can be set off against the water 
pressure. Even if the specification insists that the reservoir is filled and tested 
before any backfilling is commenced, some will still argue that this is only a * tem- 
porary overload’ justifying an increase of 25 per cent. in the working stresses. 
The only type of backfill that can be relied on to produce active earth pressure is 
clean dry sand under desert conditions. Reinforced concrete construction is much 
too rigid to develop counterpressure from any soil softer than solid chalk under 
normal seasonal variations. 

In general, then, the reinforced concrete walls must be designed to carry the 
whole of the water pressure at normal working stresses. 


Cement 


Before 1914, that is before the introduction of rapid-hardening cement, long 
structures were built without expansion joints, yet developed no major cracks and 
few, if any, minor ones. This was before the term ‘ water-cement ratio’ was 
coined and mixes were usually wet compared with modern practice. The mild 
steel reinforcement and the concrete aggregates were exactly the same as now, 
the only difference being in the type of cement used. 

Provided that a structure is reasonably well designed and reasonably well built 
the only danger to be feared is the development of shrinkage and temperature 
cracks. A well thought-out programme of concreting and careful curing of newly- 
placed concrete will reduce the danger of such cracks occurring, but every effort 
should be made to secure the use of a cement that generates a minimum of heat 
(and generates this slowly), and that develops a reasonably high tensile strength 
with high plastic yield in tension. Generally speaking, rapid-hardening cement 
should be avoided. According to technical reports some cements sold as ‘ normal’ 
are more rapid-hardening than others sold as ‘ rapid-hardening’ and the actual 
properties of the cement should be ascertained before use. This raises an important 
question: when cement is required for watertight work, should it have a much 
higher minimum tensile strength than that specified in B.S. 12 and should there 
be a minimum specified strain on the sand-and-cement standard specimen under 
prolonged tensile loading? 

For the results of experiments on the tensile strain of concrete the reader is 
referred to work described elsewhere.* In seeking to interpret these results it must 


be remembered that the test specimens were small and were made with a Japanese 
cement. 


Concrete Mix 
When selecting a suitable concrete mix it should be remembered that high 
compressive strength is seldom if ever required in watertight work (other than 


* Ouno and Suipatra.—R i i i 
Pp. 24 to 31. A-—Report in RILEM “Ballets (No 0) eae 
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prestressed concrete construction) but high tensile strength, high adhesion and non- 
porosity are always required. This means that the whole emphasis should be on 
workability and not on test-cube strength. For this reason the author never specifies 
anything weaker than a nominal 1 : 14 : 3 mix and would consider 1 : 1}: 24 for 
a very small tank. Specification of the water-cement ratio or slump test results 
should be postponed until specimen batches of concrete have been made and placed. 


Watertightness 


Concrete made with rounded shingle aggregate is easier to make watertight 
than a similar mix made with crushed stone aggregate. A series of similar tanks 
were all built on one site by one contractor using the same general foreman. All 
the tanks except one were built with rounded shingle aggregate. The tank in 
which crushed granite aggregate was used developed a number of small leaks, but 
no corresponding leaks developed in any of the other tanks. 

It is a matter of opinion whether the addition of waterproofers, plasticizers, 
air-entraining agents, and the like, really improves the concrete as the use of such 
products may produce a sense of false security and increasing carelessness. No 
additive can compensate for shoddy workmanship. 


First Principles of Watertight Design 


Before any reinforced concrete structure will function satisfactorily at least three 
major considerations must be satisfied. 


1. The stresses in the concrete must be kept within reasonable limits. 

2. The stresses in the steel must be kept within reasonable limits. 

3. The adhesion or anchorage between the concrete and the steel must be 
adequate. 


In all but the smallest structures there is a further consideration. 
4. Reasonable attention must be given to shrinkage and temperature stressess 


When dealing with unlined water-retaining structures all these considerations 
assume a special significance in relation to the production of watertight work. 
The first and second are now generally understood although there is no general 
agreement as to the permissible limits of the tensile stresses in concrete or steel. 

Generally speaking the third consideration is not fully understood and Codes 
of Practice do not go into the matter in sufficient detail. In a building frame or 
similar structure the tensile stresses are normally due solely to bending moments, 
but tanks, in general, are subject to additional tensile stresses due to the bursting 
action of the liquid they contain; increased anchorage is therefore required. 

Very few designers give enough thought to the effects of shrinkage and tempera- 
ture stresses and the recommendations given in Codes of Practice are not very 
helpful in dealing with such stresses. 

In a normal reinforced concrete building the beams are continuous and are 
relatively stronger and sounder at midspan than over the supports. The principle 
of greatest strength allows moment to be transferred from the support section to 
midspan at the risk of causing fine hair cracks to occur over the supports. The 
fact that these cracks may be reduced in size and number by substituting deformed 
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bars for plain round bars indicates that they are not solely due to high tensile stresses 
in the concrete but are due partly, at any rate, to local failure of adhesion. 

In the normal building the top bars in the beams over the points of support 
may be taken past the point of contraflexure but in watertight work, particularly 
in circular tanks, the bars may have to be terminated where there are still consider- 
able tensile stresses, thus causing high local adhesion stresses near the ends of the 


severe 
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bars. All main bars in tension must have end hooks and ample laps, and the 
positions of the end hooks must be spread over as large a distance as possible. Two 
examples based on practice are shown in Figs. 1.7 and 1.8. 

A deep narrow beam extending over two spans and carrying the side of a feeder 
channel is shown in Fig. 1.7. The two bars b were ample to resist the reversed 
moment over the central support, but the design provided two heavy bars a in the 


crack w) | 
© | 
| (2) 3) fl O®O 
AS BUILT REDESIGNED 


Fig. 1.8. 


top of each span which were stopped short about one inch away from the centre- 
line of the middle support. A severe crack opened between the ends of these bars: 
had the design been revised as shown, it is most unlikely that any such crack would 
have developed. 

A vertical section through the wall of a small water tank in which the bottom 
was suspended from the walls, is shown in Fig. 1.8. The bars e were all carried 
to the points indicated by theory and were all stopped at this point. Bars FS had 
the minimum overlap with bars e. The wall cracked along the line of the top 


PRELIMINARY ARRANGEMENT i ae a7 


of the hooks on bars e. Had these bars been divided into three series g, h and i 
stopping at different levels, this crack would not have developed. 

Shrinkage and temperature stresses may often be avoided by dividing a building 
into separate sections with open expansion joints between them. This is not always 
possible with water-retaining structures, but the effects of shrinkage stresses may 
be reduced by insisting on a concreting programme that reduces these stresses to 
a reasonable minimum. For example if the floor of a tank is concreted and allowed 
to harden and dry out in the sun for ten days or ‘more before the walls are com- 
menced then numerous vertical cracks in the base of the wall are inevitable. There 
should be an interval of not more than two days between concreting a section of 
the floor and that section of the wall standing on it (unless the two are separated 
by an efficient sliding joint). With a large reservoir there must be many con- 
struction joints where a considerable time interval has elapsed between concreting 
adjoining sections but these should be located where the structural stresses are a 
minimum, or at any rate at those positions where any cracks may be easily reached 
and repaired. Experience shows clearly that there is very much less trouble with 
vertical construction joints in walls than with horizontal joints. If the designer 
has to choose, he should always select the former. The design and the specification 
should indicate the positions of construction joints and insist on a definite order 
of concreting. It is common practice now to put water-bars (metallic or synthetic) 
in most, if not all, construction joints. The designer should not allow this to lull 
him into a false sense of security and should in no wise relax any other reasonable 
precaution to ensure leak-proof joints. 


CHAPTER TWO 


CIRCULAR TANKS WITH SLIDING JOINT 
AT BASE OF WALL 


Tue simplest type of tank is shown in Fig. 2.1. This is a circular tank with a wall 
of uniform thickness ¢ and provided with a frictionless sliding joint at the bottom 
of the wall (assuming that such a thing exists). (The writer is not in favour of 
sliding joints, particularly for small tanks, but sometimes they cannot be avoided, 
and since some experienced engineers favour them, they are therefore discussed 
here.) 

If w is the weight in pounds per cu. ft. of the liquid in the tank, D the diameter 


D (diam.) 


outward 
pressure 


Sliding 


Ve joint 


Fig. 2.1. 


in feet and H the depth in feet, then the pressure at the base of the wall is wH lb. 
per sq. ft. 

The wall is clearly in a state of simple hoop tension, the amount of which per 
foot height of wall at the base of the wall is 4wHD lb. 

If ¢ is the thickness of the wall in inches, the maximum tensile stress occurs at 
the base of the wall and is 


wHD _ wHD 


I 
2 12t 24t 


Ib. per sq. in. 


IfD = soft.,H = 15 ft. and é =6in., the maximum tensile stress — ESS 5° 
24 xX 6 


If the tank contains water, then w = 62:5 and the maximum tensile stress 
__ 62-5 X 15 X 50 
24 X 6 

The tensile stress in the wall obviously varies directly as the depth below the 
surface. ‘The figure of 325 lb. per sq. in. assumes that the wall is constructed of 
uniform material. With reinforced concrete this is not so and a complication at 
once arises since both concrete and steel have to be considered. During the process 
of first filling the tank it seems likely that the concrete takes the whole of the tension 
in the initial stages, but as filling proceeds the tension is shared between concrete 
and steel in the ratio of their elastic moduli. (The value of this ratio is usually 
taken as 15.) This assumes that each lift of the tank wall is concreted in one 
continuous operation without any vertical construction joints (either intentional or 


== 99% Ib. per sae in. 
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accidental due to breakdown of plant). At a vertical construction joint the whole 
_ of the hoop tension must be taken by the steel and the stress in the steel must be 
limited, as otherwise it will stretch and allow the joint to open and leak. Likewise 
the tensile stress in the concrete must also be limited or it will crack and leak. 
It must be remembered that failure to satisfy all three main considerations stated 
on page 5 of the previous chapter will result in an unsound structure. 

In normal slab-and-beam work the main bars can be extended until their ends 
lie in a region of little tension and often into a region of compression. No experienced 
designer would deliberately lap the main tension bars at midspan in a freely- 
supported beam, but these are exactly the conditions that must be faced in detailing 
the hoop steel in a circular tank, since the maximum tension occurs at all vertical 
wall sections around the tank. 

There has been much controversy as to the upper limits that should be imposed 
on the tensile stresses in the steel and concrete. The official view in this country 
is expressed in the current edition of CP.2007. In the 1960 edition the hoop 
tension in the steel is limited to 12,000 Ib. per sq. in. and the calculated tension 
on concrete of 1 : 1-6 : 3-2 mix to 190 Ib. per sq. in. (presumably related to 200 lb. 
per sq. in. on a standard 1: 1°5:3 mix). These figures are not accepted by many 
engineers who have successfully designed and built tanks to higher stresses and it 
is evident that a hoop tension in the steel of 13,500 lb. per sq. in. and a calculated 
tension of 300 lb. per sq. in. on 1: 1°5:3 concrete (calculated on the concrete 
section alone) are quite safe provided that the third principal condition (which is 
particularly vital in circular tanks) is satisfied, namely the limitation of the bond 
stress between the steel and the concrete. 

The origin of the disagreement on working stresses is probably historical. The 
wall of at least one of the early circular tanks constructed, subsequently failed and 
collapsed. This led to panic and a lot of muddled thinking, some of which apparently 
still persists. If the horizontal steel in the wall of a circular tank is welded to form 
complete hoops and the concrete is stronger than an average 1 : 3:6 mix, the 
tank wall cannot possibly collapse (although it may crack very badly) until the 
stress in the steel reaches the yield point (say 40,000 lb. per sq. in. for mild steel). 
Few, if any, of the early circular tanks were designed for a steel stress in excess 
of 17,000 lb. per sq. in. with a concrete mix not weaker than 1:2:4. It is there- 
fore quite clear that any collapse which occurred could not possibly have been 
caused by overstressing of the steel or the concrete but must have been due to bond 
failure. Immediate preventative measures taken should not have consisted of a 
severe reduction in allowable working stresses in the concrete and the reinforce- 
ment, but should have consisted of reducing the number of overlaps, distributing 
them evenly round the tank, increasing the length of overlap provided, and insisting 
on end anchors on all bars (or alternatively welding all steel bars into complete 
hoops). 

Following the more recent collapse of a prestressed concrete tank there appears 
to be no suggestion that the working stresses should be reduced and the minimum 
diameter of the reinforcement increased or that better methods of grouting and 
protecting the steel should be insisted on. 

If the bottom of the wall in Fig. 2.1 is designed to the requirements of CP.2007: 
1960 (taking D as 50 ft., H as 15 ft. and using a 1:14:93 mix), 


maximum hoop tension = 62°5 X 15 X 50 X $ 


= 23,400 lb. per foot height of wall. 
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23,400 


= 1°95 sq. in. per foot height of wall. 
12,000 


Area of hoop steel required = 


If ¢ is the thickness of the wall in inches the tensile stress in the concrete is 


—. oa - — which must not exceed 200 lb. per sq. in., giving a mini- 
ba tae) X 1-05) 

mum value of ¢ of 7:48 in., say an 8-in. wall. Increasing the allowable hoop 
tension to 13,500 lb. per sq. in. would reduce the area of hoop steel required from 
1:95 to 1°74 sq. in. (see Fig. 2.2). Checking the condition that the tensile stress 
on the concrete, neglecting the steel, should not exceed goo Ib. per sq. in., 


29,400.57 : 
ce 6:5 in., say a 7-in. wall. 

Coming to the third vital condition, CP.2007:1960 allows a bond stress of 
130 Ib. per sq. in. with a 1: 1-6 : 3-2 mix, irrespective of whether this bond stress 
is developed in bending or in hoop tension. Taking this figure at its face value 
and using a value of 135 lb. per sq. in. for 1 : 14 : 3 concrete gives a calculated 
grip length of only 22-2 diameters, which is less than the specified alternative 
minimum of go diameters, and this, apparently, is considered adequate even if the 
bars have no end hooks. If a standard U-hook is provided this may be taken as 
equal to a length of 16 diameters and an overlap of only 14 diameters is then 
apparently considered safe. : 

Examination of a reinforced concrete container which had been partially wrecked 
by an accidental internal explosion showed that the shock had destroyed the bond 
between the concrete and the straight lengths of bar but that the end hooks had 
held, saving the structure from total collapse. 

The writer would not accept any arrangement of unwelded bars for hoop steel 
in a circular tank unless: 


(a) all bars have standard U-hooks at both ends. 


(b) The overlap (excluding end hooks) is not less than 40 diameters nor less 
than 2 ft. 


(c) Not more than one bar in three is lapped at any vertical section. 


minimum i = 


However, with the foregoing provisos the writer would certainly accept a limiting 
tensile stress of 13,500 lb. per sq. in. Adding an overlap of 26 diameters to a 
-in. bar 40 ft. long, increases the amount of steel provided by about 4 per cent.: 
raising the stress from 12,000 to 13,500 lb. per sq. in. saves about 12 per cent. 
If the labour required to form the end hooks is considered the two costs would 
be about the same. There can be no doubt as to which is the sounder job. 

If the tensile stress on the concrete at the base of the wall is 200 Ib. per sq. in. 
E, = 3,000,000 lb. per sq. in. and the diameter of the tank is 50 ft. then the ewe 


? D 
of the wall meves outwards a distance of Ses ——— age x ae ft. = 0°02 in. 


E, 2 3,000,000 2 
only. Since the pressure of the water varies directly as the depth below the surface 
the thickness of the upper part of the wall could be reduced thus saving concrete 
at the expense of complicating the shuttering, provided that the wall is not made 
so thin that water actually seeps through it. Many small early tanks had walls 
5 in. thick and some were only 4 in., but the usual minimum thickness is now 6 in. 
A tank only 50 ft. in diameter and 15 ft. deep is too small to have a tapering or 


stepped wall but the walls of large tanks are generally tapered or stepped-in at 
the top (see Chapter 6). 
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Arrangement of Reinforcement 


There is a considerable lack of agreement between the methods used by different 
designers for placing the hoop and vertical reinforcement. In many cases the 
vertical bars are arranged outside the rings of horizontal steel, whereas the labour 
in fixing the bars could be reduced by having the rings on the outer side, thus 
avoiding the need to lift the heavy hoops over the vertical bars or to thread them 
through. 

Despite the recommendations of CP.2007:1960 hooping-bars are generally 
lapped for a length of 40 diameters and hooked at both ends, even when the steel 
stress is limited to 12,000 Ib. per sq. in. The laps are also tied with 16-gauge 
soft iron wire to prevent the bars being disturbed during the process of placing 
the concrete. The practice of winding the tying wire around the whole length of 
the lap should not be permitted, as this wire prevents access of the concrete to 
the lapped rods. Some engineers believe that the best position for the hooping 
steel is near the outside of the wall, particularly if hot liquids are to be stored in 
the tank, but in large deep tanks it is an advantage to have an inner and an outer 
ring of steel in order to avoid the need to bend and fix very heavy bars. Many 
engineers use only a single ring in comparatively small tanks, but a better arrange- 
ment near the bottom of the wall is sometimes obtained by inserting two series 
of hoops and staggering them vertically. When the spacing is close and the bars 
are in a single ring, the steel is crowded in the vicinity of each lap and, if these are 
made in the customary fashion, there may be quite an appreciable length of bar 
not in contact with the concrete, particularly when a dry concrete mix is used. 
The strength of the lap depends on the adhesion between the concrete and the 
steel, and if this adhesion is absent from even a small portion of the reinforcing 
bar the strength of the joint may be reduced to that of, say, a length of 20 bar 
diameters. In such an event the concrete is liable to crack. 

Bars bent to a radius must be properly curved in a hooping machine, and not 
bent in a series of kinks by an ordinary bar-bending machine. Since no question 
of eccentricity of pull arises if the bars are properly pulled round or hooped by 
machine, the best joint would appear to be one in which the bars pass but do not 
touch one another at their ends and are wired to the verticals in such a way as to 
allow the concrete to have free access between them. 

The failure of a reservoir 40 ft. in diameter in Australia was largely attributed 
to the use of a single layer of hoop steel and a lack of adhesion at the joints due 
to the concrete being too harsh. At the present time this failure should be borne 
in mind when it is proposed to use stiff vibrated concrete. It is noteworthy that 
a very wet concrete may also cause a loss of adhesion by falling away from below 
the bars and leaving only water in contact with the steel. 

Shortly after the construction of a circular reservoir in the United States some 
years ago, vertical cracks appeared on the outer surface all round the wall at 
intervals of 20 ft. to 25 ft. These cracks were most apparent at the bottom where 
the thickness of the concrete was greatest and were attributed to the fact that, 
although the steel was arranged in two rings, these were very close to the inner 
face of the wall. In this case the cracks did not penetrate to the inner face. The 
writer usually compromises and puts two-thirds of the hoop steel in the outer ring 
and one-third near the liquid face. A proposed detail for the wall of a tank 50 ft. 
in diameter and 15 ft. deep is shown in Fig. 2.2. The vertical steel is 0-3 per cent, 
of the gross concrete section. This detail is based on a stress in the hoop steel 
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of 13,500 Ib. per sq. in. The reader may re-design it to comply with the latest 
version of CP.2007. (Such official documents may change considerably from one 
edition to the next.) The wall is made 8 in. thick to accommodate the sliding 
joint detail; which is similar to that shown in Fig. 2.8. 


Early Tanks 


The provision of a sliding joint at the base of the wall is a comparatively recent 
innovation. Most early circular tanks were designed on the assumption that the 
wall could be designed as an independent unit unconnected with the floor although 
no sliding joint was actually provided. In most cases, however, the instinct of 
the designer led him to stiffen and strengthen the joint between wall and floor. 
Many early tanks were given splays in the internal corner and some had splays 
both inside and out as shown in Fig. 2.3. These splays were provided with corner 


| 
7/2" corner bars 
ev. 6" centres 


construction joint 


| 
/2" U- bars 
ev. j2" centres 


© Jo" U-bars ev.!2” centres 
Fig. 2.3. 


bars which were put in by eye. One would not reproduce this form of construction 
today—the tank wall would either have a sliding joint or be designed for a calculated 
restraint moment (as described in the following chapters). Nevertheless these early 
tanks served their purpose, as do most structures that are designed more by instinct 
than by mathematics. Modern tanks only have corner splays if the use to which 
they are to be put demands them. If provided they should be cast integral with 
the floor, the construction joint being in the position shown in Fig. 2.3. 

In Fig. 2.4 an actual tar tank is shown in which the joint at the base of the 
wall has been strengthened by a square thickening. Note that if the bars marked 
105 and 106 were provided with end hooks and closed to 6-in. spacing, the wall 
would satisfy the condition of total restraint (see Chapter 3). 


Accidental Overload 


Most open-topped tanks have only a few inches of freeboard and even if the 
normal overflow outlets get choked the amount of accidental overload is small. 
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If the freeboard exceeds a few inches the designer should check the calculated 
hoop tension assuming that the overflows are choked and the water-level rises to 
the top of the wall. Under these conditions the calculated stress in the hoop steel 
should not exceed 17,000 lb. per sq. in. 

If there is any likelihood that the tank may be used to store a much heavier 
liquid it must be designed accordingly. It would be most unsafe to put cement 
slurry weighing 100 lb. per cu. ft. into a tank designed to hold water. 


Shrinkage and Temperature Stresses 


Immediately the walls are completed a foot or so of water should be put into 
the bottom of the tank and the wall kept damp for a week at least. If a tank 
has been left standing empty in a hot sun for several months it should be filled 
very slowly and the wall sprayed with water since concrete, even when well matured, 
may shrink when thoroughly dried out and expand again when thoroughly soaked. 
Shrinkage induces compression in the steel and tension in the concrete. When a 
dried-out tank is filled quickly all the tension may come on to the concrete before 
the steel can start to function; hence the criterion that the tensile stress in the con- 
crete alone, ignoring the steel, should not exceed 300 lb. per sq. in. 

When the wall has a sliding joint at the bottom the wall merely moves out 
or in as it expands or contracts with temperature or shrinkage changes and no 
appreciable stresses are produced (assuming that the joint functions as intended). 

If the temperature of the wall rises by 100 deg. F. and the coefficient of linear 
expansion is 0-000006 per deg F., the radius of 25 ft. in Fig. 2.2 will increase by 
100 X 0:000006 X 25 ft., or 0-18 in. Assuming that the floor does not expand, 
this movement is nine times as great as the outward movement previously calculated 
as being caused by the water pressure. If the tank has to hold warm liquid the 
sliding joint must accommodate this movement and the materials used in the joint 
must not soften unduly with the heat. 


Sliding Joints 
As the wall moves outwards some friction must occur between the bottom edge 
of the wall and the top face of the floor slab, and this frictional force tends to tear 


Fig. 2.5. 


away the edge of the floor; the action is as shown in Fig. 2.5. If W is the weight 
of the wall per foot run and y is the coefficient of friction, then the bottom edge 
of the wall applies an outward drag of «W per foot run as the tank is filled. (To 
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this should be added the resistances of the water-bar plate and the joint filling, 

but these are probably small.) The outward drag of wW can be resisted by the 

forces T and C shown in Fig. 2.5, where C is the compression in the concrete. 
Taking moments about the line of action of C, 
T= MW / x25 

and if f,; is the allowable tensile stress in the steel and A,, is the area of steel required 
per foot run of wall, : 
Ay = bWx,/f, ty. 

If 4 = 1-0, W = 1,550 Ib. per ft. run, x; = 10 in., x, = 5 in. and f,, = 18,000 lb. 

per sq. in., 
A IO X 1,550 X I0 
ig 
18,000 X 5 


= 0'172 sq. in. per foot run of wall. 


Alternatively rings of steel (marked A in Fig. 2.5) can be supplied to resist the 
force wW. If D is the diameter of the tank, the total tension in these bars is very 
nearly 3uWD. If D = 50 ft. and taking the values already assumed: 


IO X 1,550 X 50 


Area of hoop steel required = 
18,000 X 2 


== 2105 sq. In:, 


or, say 3 rings of I-in. diameter bars. 

Synthetic products are now obtainable which have small values of uw. Values 
of uw of less than o-2 are claimed for some products. A sheet of such material may 
be used on one side of the joint with a sheet of stainless steel on the other to give 
a material-to-steel sliding contact. The use of multi-layer rubber pads has been 
suggested but the extent of their effective life seems doubtful. 

Early types of sliding joint are shown in figs. 2.6 and 2.7. The jointing material 
is described as ‘bitumen’. ‘The designer apparently hoped that the ‘ bitumen’ 
would be sufficiently stiff to carry the weight of the wall without squeezing out, 
but would be soft enough to squeeze out at once immediately the tank wall started 
to move laterally. A more recent detail is shown in Fig. 2.8. 

If the material in the sliding joint breaks down altogether and the joint does 
not slide at all, the case of a restrained wall hinged at the base may be reached. 
This case is discussed in Chapter 3. Taking an approximate value for the moment 
in the wall of o-1owHTR for the tank in Fg. 2.2, 


M = 0-10 X 62°5 X 15 X 0°667 X 25 = 1,560 lb.-ft. per ft. = 18,700 lb.-in. per ft. 
18,700 


= 0'3I5 sq. in. 
12,000 X 0°9 X 5'5 A 


Vertical steel required = 


The detail in Fig. 2.2 shows 4-in. vertical bars at 16-in. centres near both faces. 
If intermediate }-in. bars at 16-in. centres are added there are }-in. bars at 8-in. 
centres or 0-29 sq. in. per foot. These intermediate bars need run only halfway 
up the wall and would only be required if the joint should break down completely. 

In all cases of sliding, rolling or hinged joints it is prudent to calculate what 
would happen if the joint seized up and failed to slide, roll or rotate. To what 
extent and at what stresses this contingency should be allowed for must depend 
on site conditions and on the relative importance of the structure. For the tank 
in Fig. 2.2, if the contingency may be covered by permitting an overstress of 
20,000 lb. per sq. in. instead of the usual stress of 12,000 Ib. per sq. in., the area 
of steel required is reduced from 0-315 to o-1g sq. in. If the number of vertical 
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bars marked 5 were increased from 240 to 320, their spacing would be 12 in, 
instead of 16 in. and their area 0-196 sq. in. per foot run of wall. Whether this 
could be regarded as a reasonable precaution against failure of the sliding joint 
would depend on site conditions and especially on the exact type of material used 


to form the joint. 


Construction joints =” 


Reinforcement in centre part of floor 
Yo" diam. bars at !-O" centres both ways 
Minimum lap 2'-O" 


Thick layer bitumen paint 
Aluminium foil 6" wide 
Thick layer bitumen paint 


6"slab 1: 12:3 


Paves See 
DETAIL OF JOINT 


Fig. 2.9. 
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Tank Floors 


The general design of tank floors is discussed in Chapter 16. Assuming the 
tank in Fig. 2.2 stands on firm dry ground, the steel in the central part of the floor 
may be about 0-3 per cent. of the concrete section, as shown in Fig. 2.9. Beginners, 
when detailing circular work, are apt to have a multiplicity of bar lengths varying 
by increments of 1 in. Apart from the additional labour that would be needed 
on the site to sort out the bars, such an idea will not work as the lengths of the 
bars are often incorrect to a tolerance of +1 in. and a bar which has been ordered 
24 ft. 11 in. long may actually be 25 ft. o in. in length while a bar which should be 
25 ft. o in. long may also be exactly 25 ft. 0 in. in length. Many designers work 
to increments of not less than 3 in. and some to increments of not less than 6 in. 

Practical designs for tank floors are never as simple as that shown in Fig. 2.9 
as they are laid to fall to an outlet, drainage trench or sump. The use of synthetic 
water-bars should be avoided in small thin floors. 


Economical Dimensions 


The dimensions of practical tanks are generally fixed by site conditions—space 
available, ground level, intake level, outlet and drain levels, etc. Only on rare 
occasions can the diameter and depth be varied. The tank in Fig. 2.2 contains 


Fig. 2.10. 


29,500 cu. ft. The reader may re-design it as 12 ft. deep by 55 ft. 11 in. diameter, 
18 ft. deep by 45 ft. 7 in. diameter and 21 ft. deep by 42 ft. 3 in. diameter, and 
compare the quantities of concrete, steel and shuttering involved in each of the 
four alternative designs. In practice each price would have to include the cost 


of excavation, drains, pipework, pumps, etc. 


Semicircular Tanks 


It is possible to build the semicircular tank CBD in Fig. 2.10 provided the wall 
CD is strong enough to span from C to D, the wall CBD remaining in pure hoop 


tension. 
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It is not possible to divide a circular tank into two compartments by building 
across the tank a straight wall that cantilevers from the floor. Ifa circular tank 
must be divided into two compartments a circular wall should be provided inside 
the tank. This wall is then in pure tension or pure compression depending on 
which compartment is full and which empty. 


CHAPTER THREE 


RESTRAINT IN OPEN-TOPPED CIRCULAR TANKS 
WITH WALLS OF UNIFORM THICKNESS 


TuE following consists of a collection and amplification of results already published 
elsewhere. 


Assumptions 


It is assumed that the upper end of the wall is unrestrained in position and 
direction and that the wall is of uniform thickness from top to bottom. The usual 
assumption, that the wall consists of some uniform elastic material, is also made 
although the designer will, of course, vary the amount of reinforcement from section 
to section to cover the calculated moments and ring tensions. 

One value which appears in the calculations is £, the modulus of elasticity, 
but this does not occur in most of the results as it cancels out. In this respect it 
is.assumed that the value of E (in the expression EJ) used to calculate the moments, 
shears and deflections is the same as the value of F used to calculate the extension 
due to hoop tension. With such a variable and unpredictable material as con- 
crete in bulk this assumption is open to question but it is probably more accurate 
than the assumption of absolute fixity at the base of the wall, where there is usually 
a major construction joint and a time interval occurs between the placing of adjoin- 
ing areas of concrete. 

The pressure comes on the inside face of the wall and the total water pressure 
depends on the internal radius R, but when calculating the bending and stretching 
of the wall really the radius of the centre-line, which is (R + 0:57), should be taken. 
The error due to this discrepancy is probably very small compared with errors in 
the primary assumptions made. 

The usual tacit assumption is made that Poisson’s ratio for reinforced concrete 
may be taken as zero. 


Fundamental Equations 
When the wall of a circular tank (Fig. 3.1) is attached rigidly to the floor and 
the floor is held rigidly in position by the ground on which the tank is supported, 
a vertical section through the wall, when the tank is full, takes the form shown 
diagrammatically by the curve ADB in Fig. 3.1. 
If the wall is now separated from the floor by introducing a frictionless sliding 
joint at the base of the wall, it will take up the shape AC, where the distance BC 


2 
is equal to _ This distance is very small and it is necessary greatly to exag- 


gerate the horizontal scale before it becomes visible in a diagram. 

If w is the weight of fluid retained (=62°5 lb. per cu. ft.), H is the depth in feet 
(=25 ft.), Ris the radius in feet (=30 ft.), T is the wall thickness in feet (=1°17 ft.) 
and £ is the elastic modulus (2,000,000 x 144 lb. per sq. ft.), then 


. 2 
eS Oi Sa 0-0042 ft. = 0°05 in. 
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It is always useful to draw this line AC and compare it with the curve ADB, for 
the area of triangle ABC represents, to some scale, the total water pressure on the 


PLAN SEGTIONEXia 
Fig. 3.1. 


wall. The area ADB represents the amount of pressure resisted by hoop tension 
and the area DBC is approximately the amount taken by cantilever action at the 
base of the wall. 

Drawing the wall of the tank as a single line in Fig. 3.2 and taking the origin 
for h (the depth below water level) at the water surface and measuring y (the 
outward deflection of the wall) from the vertical line AB, the increase in the radius 
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R is equal to y and the strain at depth h is y/R and the unit hoop tension in the 
wall at this depth is yE/R. The total hoop tension per unit height of wall is 
yET/R, where T is the thickness of the wall. This hoop tension could be caused 
by and corresponds to a water pressure of yET/R?. The actual applied water 


pressure at any depth h is wh and the unbalanced horizontal loading is ( wh — — >): 
R2 

this unbalanced load being carried by the wall acting as a series of vertical canti- 
levers fixed at their lower ends into the floor of the tank. The maximum moment 
and maximum shear on each of these vertical cantilevers occurs at the bottom of 
the wall and these two values at least must be known before the design of the wall 
can be commenced. 

If the wall of the tank is imagined to be cut into a large number of narrow 
vertical staves, each acting as a vertical cantilever, the effective loading on these 


per unit length of perimeter is { wh — aa and if J is the geometrical moment 


of inertia of the cross-section of one of these staves per unit length of perimeter: 


dty ET ee wh  yT 
Mad — 8h Spe ia = Bt Pa 
Solving this gives: 


ie (csin 2h 4. cos t)] (1) 


a/ T 

RY 
and the coefficients A, B, C and D are found from the end conditions at the top and 
bottom of the wall. WAS a fully-restrained open-topped tank is being considered, 


where a 


2 
me =0 when h= 06 4 : : ae) 
3 
=o when h = 0 ; : : é (3) 
y=o. ‘when k— . : ; ; (4) 
_ Oo when k= : : : : (5) 
From equation (2), CA , : : : : . (6) 
From equation (3), D=B— 2A. : P : ; : (7) 
This leaves only two coefficients to be calculated and these are found from equations 
(4) and (5). 
Also I per unit length of perimeter = 777%, so that 
a/T X 12 1-86 
a= 


N er 7 ViR 
Differentiating equation (1), 


ah 
ee | eval A si ad i 
oa = at Ve V2 V2 


“Fi wy he oh aie ak p pl (8) 
+e i(— © sin  —D cos 7 a sin = : 
2 
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ah 
digas [ev nee: sin =) 


dh* V2 V2 
oh 
ae oie C cos < + D sin nal : (9) 
ah 
By ral Ace 2 2m sin ee =.) 
7 ak ( cos VE sin Ve sin a ~ IE 
+ € MC cos  —Dsin Hc: sin “2+ D cos =) « 9 (36) 
2 
4y ah A 
ale’ va(4 sin T+ Bc cos =) 


oh , 
ee e Vc sin S we + D cos =) us | CaS 


Once the values of A, B, C and D are obtained, the moment at any point is equal 


to ee and the shear at any point is equal to Ee. 


A study of the foregoing equations shows that all tanks which have the same 
value of the ratio H/V TR have the same coefficients of moment and shear. 
ExamPLe— Assume H/VTR = 3. Then H=3VTR. Since « = 1°86/VTR, 


oH 1:86 | 3VTR 
= Xx = 3°95 radians. 


ve VIR V2 

OL _ oH 
ev2— @3-95 — 51°935. e i —3-95 =o: 01926, 

Sin aH /V/2 = sin (3°95 rad.) = — 0-7232, and 

cos aH /V2 = cos (3:95 rad.) = — 06907. 

From equations (4), (6) and (7), 
wH 
— apy = Lb 375874 — 359135] - ose | Ge 


From equations (5), (6) and (7), 


wH 
0°53 ape Seong + 
From equations (12) and (13), 


A = + 0:00398 


wH wH 
s4ET and B = + 0:02372 ote 


From equations (6) and (7), 


C = + 0:00308 


wH wH 
ART and D=+0 GS = nea 
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Using equation (9) and writing A = H, 


d? H 
moment at base of wall = EJ Denes EIg? . att [a : wH 
pei a ° 48S age 1 OES 


Since « = 1°86/V TR, this moment is equal to 0-216wHTR. 
Using equation (10) and writing A = H, 


raat bass of wall — Br ce = = 17 ee 
dh — 4/2 


Since, in this example H/\/ TR = 3, the shear at the base of the wall is equal to 
0-222wH", that is 44 per cent. of the shear at the base of a cantilever wall. 

If the moment and shear at the base of the wall are known the moments and 
hoop tensions in other parts of the wall can approximately be estimated. This 
may be sufficient for a small tank but, for a large tank, more exact values may 
be required. Once the values of A, B, C and D have been found, the deflected 
shape of the wall can be obtained [from equation (1)], the moment [from equation 
(9)], and the shear [from equation (r10)] at all points along the wall by writing 
ah/V/2 = 0, 0:2, 0-4, 0°6, etc., up to ak/V/2 = 3:95, which occurs when h = H. 

. This rather lengthy process can be much shortened by tabulating the values. 
For the example being considered, the deflected shape of the wall is as shown in 
Fig. 3.5 and the moments in the vertical staves are shown in Fig. 3.9. Since stress 
and strain are proportional the deflected shape of the wall represents, to some 
scale, the hoop tension at all levels. 

The outward movement of the top of the wall is obtained by putting A =o 
in equation (1). 

y =B-+ D, and as D = B — 2A, y = 2(B — A). 


For this particular value of H/V TR = 3, 


Saar = 0-665wHV TR. 


HT 2 
y at top of wall = 2(0-02372 — 000398) —gyy= 003948 = 


Shape of Wall 


There can scarcely be said to be any ‘ typical’ shape for a restrained circular 
wall. In Fig. 3.3 are shown the shapes of restrained walls with ratios H/ VTR = 1-0 
and H/V TR =1'5. For comparison this figure also shows the outward move- 
ment of a free cantilevered wall having the ratio H/ /TR=1-0. The outward 
deflection is shown in terms of wHR?/ET. This is the extension that takes place 
at the base of a wall with a sliding joint and corresponds to a hoop tension of 
wHR/T. If the outward movement of the wall at any level is 0-5wHR®/ET, the 
hoop tension at that level is o-5wHR/T. 

For both of the walls shown in Fig. 3.3, the maximum outward movement occurs 
at the top of the wall and the maximum hoop tension occurs where the water pressure 
is zero. For the ratio H/ V/TR = 1:0, the outward movement of the top of the 
wall is 0-196wHR?/ET and the hoop tension at the top of the wall is therefore 
o:196wHR/T. The outward deflection for a free cantilever having the ratio 


H/ \/ TR = 1 is also shown in Fig. 3.3 by means of the broken line. For a cantilever 
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carrying a triangular load the deflection is A = WH?/15EI. Considering a canti- 
lever of unit width and writing I = ~,T*, 
H* X12 wi’ 
ET? ae 
Since H/VTR — 1, H4 = T?R? and A = 0-40wHR?/ET. In other words if 
a circular wall having the ratio H/ WTR = 1-0 is taken, all the hoop steel is re- 
moved and the wall is cut into a series of narrow vertical cantilevers, the out- 


ward movement of the top of the wall would then increase from 0-196wHR?/ET 
to o-40wHR?/ET, or to about twice as much. 


With a ratio of H/V TR of 1-5, the outward movement of the top of the wall 
is 0-286wHR?2/ET. If the hoop steel is removed from this wall and it is cut 


A=; X 4 X wH? X 


into narrow vertical cantilevers, the deflection at the top would then inc 
to 2:02wHR?/ET or seven times as much. ; ‘= 
In Fig. 3.4, the deflected shapes of walls with ratios H/V TR = 2-0 and 
Hiv TR = 2°5 are shown. The centre of the wall is now beginning to belly out 
and the maximum outward movement no longer occurs at the top of the wall. 
a . Fig. 3.5, the corresponding shapes of walls with ratios H/V TR = 3-0 and 
H/ ; ae a 4:0 are shown. onus H//TR = 40, the top of the wall has returned 
to its original unloaded position at A. (It has, in fact, passed slightly inside A.) 
The deflected shapes of walls with ratios H/ VTR =6 and H/VTR = 8 are 
shown in Fig. 3.6. The top half of the wall is now in the same state as the top 


half of a wall with a sliding joint at the base. With H/VTR = 8, the maximum 


outward deflection is 80 per cent. of the distance BC and this maximum deflection 
occurs close to the floor of the tank. 
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Although there is resemblance between Figs. 3.3 and 3.4, between Figs. 3.4 and 


x 4 a between Figs. 3.5 and 3.6, there is no direct resemblance between TUS, O78 
and 3.6. 


In Fig. 3.7 the bending moments in the vertical ‘staves’ of tanks with ratios 
of H/VTR = 1-0 and H/V TR = 1-5 are shown. The broken line on the figure 
shows the moment in a free cantilevered wall with the ratio H rd VTR=1-0. The 


moment at the base of a cantilever of unit width is 0-167wH?. If H/VTR = 1-0, 
then H? = TR and 0:167wH? = 0-:167wHTR. The moment at the bottom of a 
circular restrained wall with H/./TR = 1 is 0-1065wHTR or 64 per cent. of the 
moment in a free cantilevered wall. For a free cantilevered wall with H/V TR = 15, 
the moment is 0-376wHTR. The moment at the base of a circular restrained wall 


A 


with H/V TR = 1°5 is 0-:1393wHTR or 37 per cent. of the moment in a free canti- 
lever with the same ratio. 

With a ratio of H/ VTR=1- 5 there is already an appreciable reversed moment 
(tension on the outside face) in the upper part of the wall. 

The moments in tanks with ratios of H/W TR = 2:0 and H/V TR = 2°5 are 
shown in Fig. 3.8. Compared with Fig. 3.7 the moments are increasing and the 
position of the maximum reversed moment is falling. In Fig. 3.9, which deals with 
cases where H/ VTR = 3 and H/V TR = 4, the tendencies shown in Fig. 3.8 are 
continued. Moments for ratios of H/W TR = 6 and H/V TR = 8, are shown in 
Fig. 3.10. As might be deduced from Fig. 3.6 there is no appreciable moment in 
the top half of the wall for these values. 

The shear force in the wall is generally only of importance at the base of the 
wall, where it imposes a considerable tension on the floor of the tank. In Fig. 3.2 
the area ADB represents, to some scale, the amount of water pressure resisted by 
hoop tension, leaving the area DBC, approximately, to be taken in shear at point B. 

c 
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In Fig. 3.6 the area DBC for H/V TR = 8 is about 
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The total area ABC is 4 xX H X eee = —— and this represents the 


whole water pressure 0-5wH?, so o-1wH?R?/ET represents o-1wH*. The actual 
calculated value of the shear for H/V TR = 8 is 0-0905wH?. A complete range 
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Fig. 3.9. Fig. 3.10. 
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of values for the shear at the base of the wall is shown in Fig. 3.11. In Figs. 3.12 
and 3.13 the moment at the base of the wall is shown expressed in different terms. 


For small values of H/V TR, Fig. 3.12 is more useful, while Fig. 3.13 is more useful 
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Fig. 3.12. 


for larger values as it is easier to read. The maximum value of the reversed moment 

is given in Fig. 3.14 and the position where this maximum moment occurs 1s shown 

in Fig. 3.15. 
The maximum hoop tension is shown in Fig. 3.16. The curious shape of this 
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curve is due to the fact that it consists of two separate curves. Up to a value of 


H/VTR = 1-76, the maximum hoop tension occurs at the top of the wall (see 
Fig. 3-3): Above this value the top of the wall moves inwards and the point of 
maximum tension moves further and further down the wall (see Figs. 3.4, 3. 5 and 
3-6). In Fig. 3.17 the lower part of Fig. 3.16 is shown to a larger scale and the 
position of the maximum hoop tension is shown in Fig. 3.18. 


O-8wHR 


oe A ea 


0-6 


O:5 


O-4 


O33 


Maximum Ring Tension 
per unit height of wall 


tilever 


| 


free can 


0:2 
-— outward deflection 
of top of wall 


senso 
—— | 


Fig. 3.17. 


Although the principal values of the moments, shears and hoop tensions may 
be read approximately from Figs. 3.3 to 3.18, for a large tank, the reader should 
solve the fundamental equations for himself. To facilitate this, Figs. 3.19 and 3.20 
give the values of the coefficients A and B for values of H/ VTR up to 4-0. 

All tabulated values are accurate only to within the limits of a slide-rule. 
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Units of Measurement 


If H is the depth of the tank in feet, 7 the thickness of the wall in feet, R the 
radius of the tank in feet, and w the weight of the contents in pounds per cu. ft., 
then the moments are in pounds-feet per foot run of perimeter, the shear force 
is in pounds per foot run of perimeter and the ring tension is in pounds per foot 


height of wall. 


Restraint under Earth Pressure 


If earth is banked up round the outside of the tank up to water level and if 
the earth pressure at any given depth h below water level is kh then, when the tank 
is empty, reversed restraint effects are obtained, which can be determined at once 
from the curves by writing k instead of w. In former times some designers would 
rely on the external earth pressure to reduce the stresses in the tank when it is full 
of water. Modern specifications generally insist that the tank should be filled and 


tested before any earth banking is placed. 


Wall Thickness in Relation to CP.2007 :1960 


According to CP.2007:1960, two conditions must be satisfied regarding the 
prevention of cracking. Firstly, the concrete stress in bending must not exceed 
about 300 Ib. per sq. in. in tension. This is governed by the restraint moment 
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M, at the base of the wall (Figs. 3.12 and 3.13). Secondly the concrete stress 
in hoop tension must not exceed about 200 Ib. per sq. in. (Fig. 3.16). The former 
condition will be found to be the more severe. 

For example, if H/VTR = 3, Mz = 0-216wHTR (Fig. 3.13) and maximum 
hoop tension = 0:46wHR (Fig. 3.16). 

If the safe moment of resistance is 50bd? in inch units and if w, H, T and R 
are all in pounds and foot units, 

50bd? = 50 X 12 X 1447? = 0-216wHTR X 12 and 
T (to resist Mg) = 0-00003wHR. 

At a safe tension of 200 lb. per sq. in., 


Ces - = o:000016bwHR. 


T (to resist maximum hoop tension) = ——————— 
200 X 12 4112 


The minimum thickness of wall is therefore generally governed by Mg. But before 
My; can be found from Figs. 3.12 and 3.13, a value must be assumed for 7. If 
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the first. assumption is too small and a larger value is necessary, the moment Mz, 
will also increase. 


Usually H and R are known and T is required. If the values of w and M/bd? 
are fixed a curve can be plotted showing the relation between VH/R and T in 
terms of H?/R. Assuming w = 62:5 lb. per cu. ft. and M/bd? = 50, for 
H/VTR = 3, 

T = 0:00003wHR (as before) = 0-00188HR. 
Now H* = 9TR ot T = oni 
Therefore 0-00188HR = o-111H/R? or H/R® = 0-0169 and VH/R = 0°130 


With these loads and stresses, when VWH/R = 0130, T = 0-111H? /R; this gives 
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one point on Fig. 3.21. This figure also shows the value of T if w = 62:5 lb. per 
cu. ft. and M/bd* = 100. It will be seen that if the value of M/bd? is increased 


from 50 to 100 the value of T for any given value of VH/R is reduced by about 
40 per cent., thus saving 40 per cent. of the concrete in the wall. Now the effect 
of Mz is extremely local, the moment reducing very quickly away from the foot 
of the wall. 

When forced to comply with requirements of CP.2007:1960 it is generally 
cheaper to reinforce the bottom corner very heavily with short bars, making the 


value of M/bd? as high as is reasonable. With a ratio H/V TR = 3 the restraint 
moment dies away completely before a height of 0-2H above the floor is reached. 

Moreover, extra steel is often available from the floor. If the floor is made 
the same thickness as the base of the wall the section of floor immediately adjoining 
the base of the wall has not only to resist the restraint moment Mg but may also 
have to carry direct tension from the restraint shear Fz. If all the reinforcement 
in the floor is turned up into the wall it will considerably raise the value of M/bd?. 

The reversed moment is easily dealt with as the Code permits the use of much 
higher stresses in this face. 


Partial Restraint 


Where the site consists of some 30 ft. or 40 ft. of very soft ground overlying a 
much harder stratum the tank will normally be supported on piles. In general 
the piles will all be vertical and the restraint shear at the base of the wall is taken 
in tension across the floor of the tank. The floor stretches and the bottom of the 
wall moves outwards reducing the restraint. Even if raking piles are driven to 
take the horizontal load the heads of these piles must move outwards before they 
can take up their full load. In the general equation 


wh oh ah ah at ah ah 
= A sin EB — 02 ayn) — 
y= se * |* ( TE ye) t= ( oe oo 7) o 


With full restraint, y = o when h = H or 


aH oH 
= = ale je(4 sin eo + B cos =) eee vi(c sin us pL) cos )|: 


atk V2 V2 /2 V2 
Ae os ya 
where : (he Rr 
q wH = wR? 
ae whl ET 


Now the expression wHR?/ET is the amount by which the bottom end of the 
wall would move outwards if it had a frictionless sliding joint (Fg. 3.22) and the 
term wh/a‘EI in equation (1) is the equation of the ‘ free-stretch’’ line AC and 
the term in the square brackets is the amount by which the ‘ sHAPE’ curve of the 
wall departs from this line AC. 

If the restraint shear is Fz and the thickness of the tank floor is Ty, then the 
tensile stress in the floor is Fp/T7 and the edge of the floor will stretch outwards 


by an amount x ft If this is expressed as a fraction of wHR?/ET the arith- 


F 
mctic is simplified. 
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2 
If — = O72 a as shown in Fig. 3.22, then point B moves out to B’, 
B me 
where BB’ is equal to 0-25 BC and the restraint is only 75 per cent. effective; hence 
y = 0°25wHR?/ET when h = H, or 
2 2 == 

gee ees e¥2( A sin pai ‘are ] 

Jog b 1 OS | 


aH : 
wH Ae . eal 
, = A sees |) lc 
7 0 tet [< ( ME )| 


If H/V TR = 2 and the lateral restraint is only 75 per cent. effective, the deformed 
shape of the wall is as shown in Fig. 3.22. This figure also shows the shape if the 
restraint is complete. In Fig. 3.23 the corresponding moments in the vertical 
‘ staves’ for both conditions are shown. The moment at the base of the wall falls 
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from 0-1715wHTR to o-1015wHTR (a reduction of 40 per cent. in the moment 
for a loss of 25 per cent. of the restraint) and the restraint shear falls from 0-2975wH? 
to 0-205wH®* (a reduction of 30 per cent.). The hoop tensions in the middle and 
bottom sections of the wall are increased but the hoop tension at the top is decreased. 
As the restraint is further relaxed the wall tends to rock over more and more towards 
the ‘ free-stretch’ line AC. 


If H/V TR = 3 and the base of the wall moves out o:'5wHR?*/ET (the tangent 
at the base of the wall remaining vertical) the restraint moment at the base of the 
wall decreases from 0-216wHTR to 0-0715wHTR (a reduction of 67 per cent.) and 
the an shear decreases from 0-222wH? to 0:0948wH® (a reduction of 57 per 
cent.). 

When the release of restraint is due to stretching of the floor the effect tends 
to cancel itself out. As the floor stretches the restraint shear falls and the tension 
in the floor decreases, until equilibrium is reached. This may mean one or two 


approximations must be tried before a sufficiently accurate answer is obtained, as 
shown by the following example. 
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Exampte:—A circular tank to hold sewage weighing 68 lb. per cu. ft. is 85 ft. 
in diameter with an effective depth of 27 ft. 8 in. The tank is supported on vertical 
piles, the wall and floor both being 1 ft. 6 in. in thickness. A simplified version 
of the tank is shown in Fig. 3.24, the actual tank having small drainage slopes, 
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12"x 12" 
piles 


Fig. 3.24. 


recesses in the floor, loads on cantilevered brackets on the wall, etc. which com- 
plicate the details but add nothing to the main problem of restraint. 
To obtain a first approximation the analysis is first carried out assuming com- 
plete restraint. 
i 27°67 
VTR WV1-5 X 4255 
aH 1-86 i Ge Ap 


= 3:46 and as « is always equal to : 


x _ = 4°55 radians. 
Vo "VR v2 V2 
ef:55 — 947632. sin 4°55 rad. = — 0-987. 
e455 — 0°01057. cos 4°55 rad. = — O°:oor7I. 


Putting » =o when h =H, and remembering that A =C and D=B-— 2A 
(since this is an open-topped tank), 


— 93°41A — 15°31B = — Oe (a) 
Also since S = 0 when h = H, from equation (8) 
om w 
oo ae a) a 
we. 108:68A + 78-108) x4EI 
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x 1°86 me H re ps EO ee 
S g = = ——= = » & =,” 
VTR VTR 
wH / 
— 108-68A + 78:10B = — 02198 eT ; ; : (b) 
Solving equations (a) and (b), 
wH - wit 
A = -+ 0:00909 and B = + 0:00984 


oftkI atl 
As C—A and D = B — 2A all four coefficients for this particular tank under 


these particular conditions have now been determined. 
Substituting these coefficients in the equation for y the deflected shape of the 


: ae 
wall is obtained (Fig. 3.25). Resubstituting in the equation for the moments 


are obtained (Fig. 3.26). 


3 
The restraint shear is jee when f = H and is 
0:676wHV TR = 0:1955wH? = 0°1955 X 68 X 27-67? 
= 10,200 lb. per foot run of wall. 
10,200 


——— = 4.7°2 lb. <q LE 
a as 4.7°2 per sq. in 


The ‘ free-stretch’’ line AC reaches a maximum value BC which corresponds to 
: 5 wHR 68 X 27:67 X 42°5 
a ring tension of ie a sats = 


I'5 
: : 2 : ae 
per sq. in. Since ve = 0128, the extension of the floor under the tension induced 


The tension in the floor is 


== 53,3000 1b. perisq. ffi—=a70mles 


by the restraint shear allows the bottom point B of the wall to move out 12-8 per cent. 
of the distance it would move if it had a frictionless sliding joint. This value of 
12°8 per cent. is the first approximation and is now used to obtain a second 
approximation. 


T. Eee ote ae 
wHR?® _ 68 x 27°67 X 42°5R 
and ule — Ex 1°5 


Fz, _ R _ 10,200 - 1°5wHR? wHR? wH 
So = Xz== - = 0°128—__ = 0128-—__. 

Tp £E I'5 68 xX 27-67 x 42°5 x ET ET atk 
With a tension of 47-2 lb. per sq. in. in the floor, the lateral restraint is only 
(1-0 — 0-128) or 87-2 per cent. effective. 


Fz _R_ 10,200 _R 
= x 


When h = H, therefore y = 0-128 = so equation (a) now becomes 
m 
; ; _ . Tromee wH 
93°414 — 15°31B = — x4ET = 0-128 aT ; « “ear 


Assuming that the corner does not rotate, equation (b) still holds good. Solving 
the equations, 


wH 
atk] 


wH 


A = + 0-00797 a 


and B = + 0-00829 
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. . . = 3 
and this modifies the restraint shear value, for ae when h = H is now equal 


to 0-5 790HV TR = 0:1673wH? = 8,700 lb. only. This is a second approximation 
against the first of 10,200 lb. The tension in the floor due to the shear of 8,700 |b, 
is 40°3 lb. per sq. in., corresponding to an extension of only 10-g per cent., against 
the first approximation of 12-8 per cent. Interpolating between these results a 
final extension of 11-2 per cent. is obtained, corresponding to a tension of 41-3 lb. 
per sq. in. in the floor. 

Equation (a) now becomes: 


wH wH 
wer © °' Capr (2) 

Assuming once again that the tangent at the base of the wall remains vertical, 
equation (b) still applies and finally 


— 93°41A — 15:31B = — 1-0 


wH 


A = + 0-00811 d B= -00848——_. 
an an Ge OOO eae any 


wi 

atkI 
. . . . 2 

Resubstituting these values in the expressions for » and = the results shown in 
x 


Figs. 3.25 and 3.26 are obtained. 
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The extension of the floor has reduced the restraint moment from 0-2252wHTR 


to o-1930wHTR (a reduction of 14 per cent.) but the maximum value of y (and 
: ‘ : : wHTR* 
the corresponding maximum hoop tension) increases only from 0:52 to 0°53 ET 


(an increase of only 2 per cent.). 

The actual reinforcement provided is shown in Fig. 3.27. The wall is 18 in. 
in thickness and the vertical bars near the inside face at the base of the wall are 
1 in. in diameter at 6-in. centres and near the outside face 3 in. in diameter at 
1-ft. 6-in. centres. The tank was designed for steel stresses of 16,000 and 13,500 Ib. 
per sq. in. in bending and in hoop tension, respectively. The tensile stress in the 
concrete in bending was not limited but in hoop tension in the concrete alone it 
was not to exceed 300 lb. per sq. in. 
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For the section at the base of the wall 6 = 12 in., d= 18 in., d, = 16 in., 
Ag = 1°57 5q. in., aud Ay 10-264. sqeaim 
The moment = o-1930wHTR 

= 0°1930 X 68 X 27°67 X 1°5 X 42°5 lb.-ft. per foot run 


= 23,150 lb.-ft. = 278,000 Ib.-in. 


Neglecting the steel, the maximum stresses on the concrete alone are 


278,000 X 6 2 en 
oe ee oa -+ 430 Ib. per sq. in. 
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The actual weight of the wall plus imposed loads is about 8,000 lb. per foot 
run causing a stress of 8,000/(12 X 18) = + 37 lb. per sq. in., and giving total 


stresses of from +-467 to —393 Ib. per sq. in. 
The tensile stress in the steel, neglecting the tensile stresses in the concrete, is 


= Ot ca in 
157 X09 X16. 7 eee 
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Taking the combined section with steel and concrete acting together the maximum 
Stresses are -++412 to —206 lb. per sq. in. 


The maximum value of y is 0°53 ue : 
atkl 


0°53 times the hoop tension at the base of a free-stretching wall 
= 0°53 X 68 X 27°67 X 42°5 
= 42,300 lb. per foot of height. 


The maximum hoop tension is therefore 


At the point of maximum hoop tension the wall is reinforced with 1-in. diam. bars 
at 4-In. centres near the outside face and with 1-in. diam. bars at 8-in. centres 
near the inside face. 

Total steel area provided = 2°36 + 1:18 = 3°54 sq in. 

Tensile stress in concrete alone = 42,300/(12 X 18) = 196 Ib. per sq. in. 
Tensile stress in steel alone = 42,300/3°54 = 12,000 lb. per sq. in. 


Tensile stress on combined section = pamslohie - == 159 lb. per sq. in. 
(12 X 18) + (14 X 3°54) sia 
The maximum reversed moment is — 0:054wHTR = — 77,800 Ib.-in. 


The reinforcement provided consists of 3-in. diam. bars at 9-in. centres = 0°59 sq. in. 
per foot run. 
Tensile stress in steel, neglecting tensile stresses in concrete, 
7'7,800 
0°59 X 0-9 X 16 
There are altogether 104 I-in. diam. bars encircling the tank. The total hoop 
tension, assuming the joint at the bottom of the wall were to fail, would be 
2x 08 < 27-67" = 42-5 — 1,110,000) 1b. 
I, 110,000 
104 X 0°785 
As in all practical design the actual arrangement of bars was arrived at after 
an examination of the site and after careful consideration of the conditions under 
which the tank would have to work. 


= 9,2000lhs per-cd sin. 


The average stress in the hoop steel would be = 13,500 lb. per sq. in. 


Loss of Angular Restraint 


So far only the loss of lateral restraint has been considered, but the restraint 
moment also tends to twist the tangent at the base of the wall outwards. This 
increases the intensity of pressure on the ground under the extreme edge of the floor 
and unless the ground is really hard (or unless the tank is supported on sufficient 
piles) some relative settlement may occur and the corner may actually rotate. 

The general ae for the tangent ie is 


ee * | eve pes Secor — 8 =) 
Th 5tET + zak (4 sin WA ies B cos WA bo. cos = sin oF 
Ue h ah 
v2( Csi Lay Sete =) 5 ‘in 7) : (8) 
pa “(- TIE IE V2 V2 


w wR , 
The t a A, <a = 
e term Tar is equal to = since o cee 
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Now the free stretch at the bottom of a wall with a sliding joint is wH#R?/ET and 
the inclination of the ‘ free-stretch’ line AC to the vertical is 

wHR® 1 wk? w 

ET “HET ar 
which is the first term in equation (8). If the loss of angular restraint can be 
estimated, calculation will be avoided if the rotation of the bottom corner of the 
wall is expressed in terms of w/a*EJ. 

Again considering the case of a wall with the ratio H/ V TR = 3-46 (the wall 
shown in Fig. 3.24) and assuming that the joint between wall and floor is hinged 
but remains in its original position, there is complete lateral restraint but a com- 
plete loss of angular restraint. 


“rs dy d*y d*y 
When A = H, instead of oie o, now M = oandas M = fils then 7 0), 
aH aH 
Ee H Aa 2! =a aH see 
O = we[ei(4 cos. = B sin =) +e af C cos) =, 2) sim ~~) 
V2 V2 V2 V2 
or — 15:287A + 93:39B = 0. 
Since equation (a) still holds good, 


wH wH 


A= 001043 and B = + 0-001 700 


Resubstituting these values in the original equations the deflected shape of the 
wall and the moments induced are as shown in Figs. 3.28 and 3.29. 


MOMENT 


Complete Restraint: 
Hinged at Base 


iS 40:20 +010 O -O:/OWHTR 


Fig. 3.29. 


When h = H the value of 7 is found from equation (8). 


dw a w 
i Sey al Vaoul 108-684 + 78-10B] = — eo 


This is three-and-a-half times the slope of the ‘ free stretch’ line AC. In Fig. 3.28 
the angle ABD is 3°54 times the angle BAC. The deflected shape of and moments 
induced in a fully-restrained wall are also shown in Figs. 3.28 and 3°20. 
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If therefore the bottom corner of the wall of a tank with the ratio H/V TR = 3°46 


rocks outwards by an angle — 3°54 Hi the restraint moment vanishes. 
m 
Now — 3542 = — 3:54 and if E = 3,000,000 X 144 Ib. per sq. ft., then 
3954p 8 4ST = 3,000, gsr DEE Sara tts, 
2 : ee 
Meee = Seek X 425 = 0:000672 radians = 0-0384 deg., or a 
ET 3,000,000 X 144 X I°5 


slope of 0-223 in. in a height of 27 ft. 8in. This result again emphasizes the very 
small movements required to upset the assumption of complete restraint, and indicates 
the grossly exaggerated horizontal scale to which the ‘ sHAPE’ curves are drawn. 


CHAPTER FOUR 


TOP RESTRAINT IN CIRCULAR TANKS 


BrFore discussing any practical aspects of the case where the top of the wall of a 
circular tank is restrained, the moments and tensions will be calculated on the 
assumption that the top end of the wall is absolutely fixed in position and direction 
at water level. 

The conditions of loading remain the same as for an open-topped tank so that 


P= se = fera(4 sin we +B cos) “A(a sin ay +D con.) (1) 
a El V2 V2) V2 V2 
where e= Ras = plas 
RI WTR 
However, the end conditions at the top are different. If the wall is absolutely re- 
strained in position and direction at the top, y = o when A = 0 giving 


B+ D=0 £5 * ° . - (14) 
dy _ a 
aes when h = 0. giving 
o= anit gg 
Since B + D=o0, 
w v2 
Aan 7 are 3 . . - (15) 
Also P= 0 when k=] 3 . . ae) 
dy 
Bad uo When h=H. 5 2 UG 


For any given ratio of H/V TR, «H/V2 can at once be calculated to obtain the 
numerical coefficients in equations (4) and (5), and from these, together with 
equations (14) and (15), values for A, B, C and D, may be obtained. 

For example if H/V TR = 1-0, then H = VTR. 


aH 1°86 Jat 18 


6 
SS SS POM. 
V2 VTR Va V2” 
e132 = 37725, e191 = 02685, sin 1-315 rad. = 0-9675 and cos 1-315 rad. = 0-2530. 


Substituting these values in equations (1) and (8) and using equations (14) and (15) 
and solving: 


H H 
A = —0-2 or as =) iss 
5 ED B 070945 tk 


C = ~0-9410 2 ES 
O40 GRP) a ata 


Resubstituting these values in equation (1) the deflected shape of the wall is as shown 
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in Fig. 4.1. This figure also shows the shape of a similar wall for an open-topped 
tank. As might be expected since the open-topped wall behaves in a manner so 
similar to that of a pure cantilever, the behaviour of the fixed-top wall is even more 
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Fig. 4.1. 


similar to that of a vertical beam fixed top and bottom. The maximum value of » 
is 0-012wWHR?/ET, or less than 2 per cent. of the extension at the base of a totally 
unrestrained wall. The moments, calculated from equation (9), are 

M, = +0:032wH*? and Mz = +0:0496wH?. 
For a pure beam without support from hoop tension the corresponding figures are 
M, = +0:033wH? and Mz = +0-050wH®. The walls of all circular tanks with 


ratios of H/V TR of less than unity, which are restrained at both top and bottom 
may therefore. be designed as vertical beams fixed at both ends. In Fig. 4.2 the 
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deflected shape of the wall if H/ / TR = 2 is shown and Fig. 4.3 shows the moments 
induced in the vertical ‘staves’. Both figures also indicate the corresponding 
values for an open-topped tank. 

The deflected shape of the wall when H/V TR = 3 is shown in Fig. 4.4, and 
Fig. 4.5 shows the moments induced in this case. 

Fixing the wall at the top will affect the moments and hoop tensions throughout 
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the entire height of the wall, as is clearly shown in Figs. 4.2, 4-3, 4.4 and 4.5 but, 


as the value of H/V TR increases, the effect of the top restraint becomes more and 
more local and only the moment and shear force at the top end need be known for 


2 03 04 OS5WHR? 40:20 -OOWHTR 
El 


Fig. 4.4. Fig. 4.5. 


walls whose ratio of H/V TR exceeds 3. ‘The values of the moments and shears 
are as shown in Figs. 4.6, 4.7 and 4.8. The values of the moment shown in 
Figs. 4.6 and 4.7 are the same, but they are expressed in different terms. 


Practical Application 


The assumption that the top edge of the wall may be fixed exactly in position 
and direction can scarcely be realized in practice. The assumption that it is fixed 
at water-level is seldom true as there is usually a small freeboard between the water- 
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Fig. 4.6. 
level and the underside of the roof. Most tanks contain water, and the roof, not 
being actually wet, may shrink a little relative to the wall; this would tend to intensify 
the top restraint. Unless the roof is protected by effective insulation it is sure to be 
hotter than the walls on a hot sunny day, and the consequent expansion could cause 
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severe reverse restraint effects. A hoop tension of 300 Ib. per sq. in. in the wall 
ae or o:0001R. A relative difference of 45 deg. F. 
3,000,000 

(25 deg. C.) means a difference of 45 x 0-000006R or 0:00027R. In such circum- 
stances it might be best to avoid all structural connection between wall and roof and 
insert a layer of free-sliding synthetic material between them (in which case, of 
course, there is no restraint effect). 

The assumption that the roof is sufficiently stiff to keep the edge tangent in its 
original position is most unlikely to be realized. A flexible roof loaded heavily will 
deflect downwards at midspan and could impose a large reversed moment on the 


increases the radius by 
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top of the wall, exceeding the normal restraint moment. The unit moment at 
the edge of a flat circular plate fixed round its periphery is ,wR?. 

As an example consider the case of the tank of a water tower 25 ft. in diameter 
and 15 ft. deep, with a 6-in. wall and a roof slab g in. in thickness. 


ae 15 6 
V/TR V0'5 XxX 12°5 

The total load on the roof including screed, asphalt, snow load and self-weight 
is 160 lb. per sq. ft. - 

The restraint moment, assuming the roof is absolutely rigid and the wall is 
relatively flexible, (from Fig. 4.7) is 0-036wHTR 

= 0°036 X 62°5 X 15 X O5 X 12°5 _ 

= 211 lb.-ft. per foot run of wall (tension on the inside of the corner). 
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The fixing moment along edge of roof slab, assuming the wall is absolutely rigid 
and the roof slab is relatively flexible, 


= 1 x 160 X 125% = 3,130 lb.-ft. per foot run (tension on the outside of the corner). 


Roof 9” 


Bars for restraint ——> 


¥, : : Bars for reversed 
8” ev.1'-O” centres 


moment in roof 


Yan @ at 6” crs. 
Wall 6% 
Fig. 4.9. 


Even if the thermal expansion of the roof slab is neglected there is a greater 
likelihood of tension occurring along the outside of the joint than along the inside. 
A practical designer would supply reinforcement on both sides; a reasonable rein- 
forcement detail for this joint is shown in Fig. 4.9. 


CHAPTER FIVE 


RESTRAINT IN OPEN-TOPPED CIRCULAR 
TANKS WITH TAPERING WALLS 


Comparine this case of restraint in an open-topped circular tank with a tapering 
wall, with the simpler case of a wall of uniform thickness it will be seen that the 
fundamental equation 

d‘ty wh yT 

Crome. | hod 
still holds good, where f/ is the depth below water surface and y is the horizontal 
movement of the wall from its unloaded position. But, whereas with the wall of 
uniform thickness both TJ and J are constants, with a tapering wall they both vary 
(as some function of h). This means that the calculation of any one given case is 
beyond normal drawing-office practice. 

Happily there are available standard results for both limits of this problem— 
namely, the wall of uniform thickness and the wall that tapers to a knife-edge, 
and by using these and an approximate method of calculation for other rates of taper 
results can be interpolated with a greater degree of accuracy than the primary 
assumptions on which the analysis is based (see Figs. 5.3 to 5.8). 

Cases of complete restraint are therefore covered by tabulated values, but cases 
of partial restraint may have to be dealt with by an approximate method such as 
that which follows. 


Approximate Analysis 


In Fig. 5.1 the wall of a circular tank of radius R and depth H is shown. The 
thickness of the wall in this example is TJ at the base and 0-57 at the top. 


A 


“Free stretch” Line 


L=0-5H 
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Draw the vertical line AB representing the original unloaded position of the wall 
and the ‘ free-stretch ’ line ADC showing the position that the wall would take up 
if it had a frictionless sliding joint at the base. Since the wall varies in thickness, 
the ‘ free-stretch ’ line is no longer a straight line. It is known that, in general, 
the upper part of the wall will tend to follow (or follow close to) the ‘ free-stretch ’ 
line down to some point D, from which point it will curve back to point B where the 
base of the wall is fixed in position and direction by the floor. The point D is 
approximately the point of maximum hoop tension. Since a series of values is 
required the analysis is commenced by fixing point D at a height of 0-5H. The 
effective pressure on the vertical ‘ staves’ of the wall is zero at point D where the 
wall crosses the ‘ free-stretch’ line and has a maximum value of wH at point B. 
The following approximate assumptions are made: 


1. The effective loading on portion BD is triangular. 
2. The inclination to the vertical of the tangent slope at point D is zero. 
3. The shear force F, at D is zero. 


In other words D has been displaced horizontally a distance A, but there is no 
rotation of the ‘joint’ D. 
_ The portion BD consists of a beam 0-5H long tapering from T to 0-757. The 
thickness at midspan is 0°875T and Ig = yy X (0°875T)*® = 0:056T°. 
I7i0 01 taper — 77/0-75 7 = 1-333. 
Fixed-ended values of M, and M, (from tables) are 
M, = +0:057pL7, and M, = —0:0275pL?, 
from which the fixed-ended values of the shearing forces are 
F, = +0°3628pf and F, = —o-1372pL. 
The elastic coefficients (from tables) are 
Cip = 4°85; Crp = 3°18; Cop = Cap = 1-95. 


The tabulation is as follows. 

M, | Fy, M, F, 
| l 
—0:0275pL? ;| —0:1372pL 


+0:36286L 


All joints fixed) +-0-:057pL? 


A | A A A 
Due to A | 6-80EI crs 11-93F Icy; TE 11-93FIcys 


= 0°1372pL4 


A 
Since F,—0, —o-1372pL + 11-93KIc7,=9 or 11-93EIg 


A 

M, = +0:057pL? + 6:80EIg 72 
Substituting the value for A, M, = +0°1351pL?. 
HR? 
Now A is the free stretch at D = 0667 
; 4 2 
or 0-13 72pL* = 0:66 wHR® 

11:93EIo ET 
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Putting p = wH, L = 05H and L* = 0:0625/7, 
H* 0-667 X 11°93 X 0-056 _ 


= 1°Q. 
ree 0°1372 X 0:0625 i 
igh H 
aes SS GFE) LOC HH? = 7-2 SS = 2°68. 
Te : VTR 


M, (from foregoing) = +0:1351pL? = +0-1351wH(0-5H)? 
= -+0°13951wH xX 0-25 X 7:27R = o-243WwHTR. 


A 
Reversed moment M, = —0-0275pL? + ee = + 0:0563wHTR. 


F, = 0-3628pL + 11-938Iom = 0°25wH?. 


Thus, for a wall that tapers from T to 0:5T and has a ratio of H/ V TR of 2°68, 
the following approximate values are obtained: 


Restraint moment Mg = 0:243wHTR (0:21). 

Reversed moment = —0-0563wHTR (—0-05). 

Restraint shear = 0-25wH? (0-25). 

Maximum hoop tension = 0:5wHR (0-43). 

Position of maximum hoop tension = 0:5H (0-48) up. 

The figures in brackets are more exact values taken from Figs. 5.3 to 5.8. It will 
be seen that the approximate values are within 20 per cent. of the more exact values. 


O:30WHR 
HOOP TENSION AT TOP OF WALL 
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Manning) 
Tapering T to O-5T 

. (approx) 


Tapering T to O:25T 
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NXT Tapering T— point 
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Pes (Reissner) 


Fig. 5.3. 

By fixing point D in Fig. 5.1 successively at 0-25H, 0-375H, 0-75H, etc., a series of 
approximate values may be obtained for a wall that tapers from 7 to 0-57. If 
the procedure is repeated for walls tapering from T to 0-33T, from T to 0-2 57 and 
from T’ to a knife-edge, and a wall of uniform thickness is included, a complete 
range of series of approximate values is obtained. But values for the uniform wall 
and the wall that tapers to a knife-edge have already been calculated (Reissner) 
and all the results for these other tapered walls must lie between these two limits. 

In Fig. 5.2 (after Reissner) some typical loading curves are given, showing the 


hoop tension in uniform and tapered walls for four values of H/V TR. From this 
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figure it will be seen that the only difficulty that may arise is at the top parts of 
walls with values of H/V TR of less than 3, but here again the two limiting values 
are known and it is possible to interpolate. The results of such interpolation are 
given in Fig. 5.3. Walues of the restraint moment Mz are given in Fig. 5.4. Values 


0:30: O-30wHTR 


Tapering T to O-25T 
Tapering T — point 
(Reissner) 


O:20OwHTR 
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Fig. 5.4. 


of the restraint shear are given in Fig. 5.5, and the reversed moment in Fig. 5.6. 
Values of the maximum hoop tension are given in Fig. 5.7, and the position of the 
maximum hoop tension in Fig. 5.8. By using Figs. 5.3, 5.7 and 5.8 a fairly good 
sketch may be made of the distribution of hoop tension in the wall. As a check 
this may be compared with Fig. 5.2. 

To illustrate the use of these curves, consider a water tank roo ft. in diameter 
and 25 ft. deep designed to permissible tensile stresses of 200 and 300 lb. per sq. 
in. in the concrete in direct tension and bending, respectively, and 12,000 Ib. per 
sq. in. in the steel. The wall is to be tapered, the top of the wall being 6 in. thick. 

The thickness at the base of the wall will be nearly the same as that for a wall 
of uniform thickness. Using the graph for a uniform wall (Fig. 3.21 in Chapter 3), 


VH  vV25 
ee == rio) 
R 50 
For 1oobd?, i 2 lee 10x 20 —— 1°25 ft. 
For 50 bd?, (EEO lsd ais PL aa 


To begin, alternative designs will be prepared, (a) with JT = 1-5 ft. and (b) with 
P= 270) ft. 


With design (a), a = TEs > = 2°89. 
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Fig. 5.6. 


Taper = 1'5 ft. to 0-5 ft. = T to 0-93T. 


From Fig. 5.4, Mp =0-222wHTR. From Fig. 5.7, maximum hoop tension 
= 048wHR. From Fig. 5.8, position of maximum tension is 0°45H up. From 
Fig. 3.3, top tension = 0-02wHR. From Fig. 3.5, shear at base = 0-23wH?. From 
Fig. 3.6, reversed moment = 0:045WHTR, say. 


Mp = 0°222 X 62:5 K 25 X 1°5 X 50 
= 26,000 Ib.-ft. per foot run of wall. 
= 312,000 lb.-in. 

M 312,000 


id? ie <0 
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Fig. 5.8. 


To resist this 1-6 per cent. of tension steel alone, or 1:2 per cent. of steel on both 
sides, is required. That is 3-45 sq. in. of steel near the inside face of the wall or 
2:59 sq. in. of steel near both faces. 

The maximum hoop tension is 0:48 x 62°5 X 25 X 50 = 37,500 lb. 
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This occurs 0:45H above the floor of the tank. At this point the wall is 12-6 in. 
in thickness. 


Hoop steel required = cos == 3°13 sq. in. 
Tensile stress on concrete = RET ae = 193 lb. per sq. in. 
A 25 


With design (b), 


———— — 2°. 
VIR. V2 ago 
‘Taper = 2-0 ft. to 0-5 fty—= Ti too 
From Fig. 5.4, Mp =0-22wHTR. From Fig. 5.7, maximum hoop tension 
=0-45wHR. From Fig. 5.8, position of maximum tension is 0°5H up. From 
Fig. 5.3, top tension = 0-03wHR. From Fig. 5.5, shear at base = 0-26wH?. From 
Fig. 5.6, reversed moment = 0°:035 wHTR, say. 
Maz = 0:22 X 62°5 X 25 X 2 X 50 
= 34,400 lb.-ft. per foot run of wall 
= 413,000 lb.-in. 
M 413,000 __ 
bd? 12 X 24? 
To resist this, 0-65 per cent. of tension steel will suffice or 1-87 sq. in. of steel near 
the water face. The maximum hoop tension is 


0°45 X 62°5 X 25 X 50 = 35,100 lb. 
This tension occurs at 0-5 above the floor, where the wall is 15 in. in thickness. 


35,100 
12,000 


Hoop steel required = = 2° Sela: 


35,100 = : 
OT 159 lb. per sq. in. 
Before it can be decided which of these two designs is more suitable, it is necessary 
to sketch out the wall and the edge of the floor and make preliminary estimates of 
the amount of steel and concrete required for each design. Sketches of both designs, 
with the hoop tensions sketched in, are shown in Fig. 5.9. 
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Partial Restraint 


In cases where partial restraint occurs, the approximate method as shown in 
Fig. 5.1 may be used to obtain an approximate result but this entails several trials 
for any given value of H/W TR. If the floor in Fig. 5.1 stretches and point B moves 


wit R? wHR? 
i ET 
giving values of H/V TR = 2:56 and Mz = 0:167wHTR. 
By moving point D up and down, a series of corresponding values of H/V TR, L 
and Mz are obtained. By drawing these as curves, any required value of H// TR 
can be selected and the corresponding values of ZL and Mg read off. 

If the actual value of H/V TR in the example considered is more than 2:56, 


point D (the point of maximum hoop tension) must be moved downwards; if less, 


outward an amount 0-25 then = 0°75wH and A = (0-667 — 0:25) 


O-2OWHTR 
M : 
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nk 
VNTR 
Fig. 5.10. : Fig. 5.11. 


then point D must be moved upwards. If point D is actually moved up to 0:-667H 
(still allowing for the outward movement of 0-25wHR?/ET at point B), H/ VTR 
= 1638 and Mz =0-125wHTR. If point D is moved down to 0-333H, then 
H/VTR = 4:22 and Mg =0-1955wHTR. Now Mg may be plotted against 
HV TR (Fig. 5.10) and also the maximum hoop tension may be plotted against 


H/V TR (Fig. 5.11). Ifthe actual wall being considered has a value of H/ VTR of 3 
than M, = 0-18wHTR (Fig. 5.10) and the maximum hoop tension is 0:55wHR 
(Fig. 5.11); that is, point D is 0-45H above the floor. 

These results may be checked by calculating the moments and tensions in a 
wall of uniform thickness with the same value of H/V TR. It must be remembered 
that Figs. 5.10 and 5.11 apply only to the particular wall in Fig. 5.1 under the 
conditions of 75 per cent. restraint. The reader must draw pairs of similar curves 
for every case he wishes to analyse. 


CHAPTER Six 


RESTRAINT IN LARGE-DIAMETER SHALLOW 
CIRCULAR TANKS 


Ir a tank is only 20 ft. in diameter and 40 ft. deep it should clearly be designed as 
a circular tank with the wall in hoop tension, proper provision being made for 
restraint moments and shear (or a sliding bottom joint being provided). If a 
tank is 200 ft. in diameter and only 6 ft. deep the wall may be designed as a simple 
cantilever. Practice confirms that, with a tank of these dimensions, such a design 
is satisfactory. The question therefore arises—at what point is it possible or desir- 
able to change from a hoop tension design to a simple cantilever design? There 
are really two problems here: 


1. At what stage is it structurally possible to change. 
2. At what stage is it economical (or more convenient) to change. 


If the tank is to have an elastic waterproof lining and it does not matter how 
badly the reinforced concrete cracks, a solution for the first of these two problems 
is unnecessary. But if an uncracked unlined tank is to be provided then the outward 
deflection of the tank wall must be considered and the effects of slight movements 
of the foundations and of the tank floor must be taken into account. 

With a shallow tank of large diameter it may be cheaper to resist all the water 
pressure by cantilever action, but the top ends of the cantilevers move outwards 
and this may cause cracks to form, running down from the top of the wall and giving 
rise to unsightly leakage. (Slurry tanks designed in this way have actually cracked 
and leaked badly.) In some cases this trouble could be avoided by cutting the wall 
into a series of short arcs by the introduction of expansion joints (with metal or 
plastic water-bars), but this practice may lead to trouble if the top of the wall has 
to carry a continuous rail supporting some type of stirring or clarifying apparatus. 

The amount of outward movement that may be tolerated before appreciable 
cracking occurs can be arrived at by considering the design of circular walls in 
hoop tension. It is known that if the calculated hoop tension in the concrete is 
restricted to about 200 |b. per sq. in., the wall will not crack seriously. Before this 
tension can develop the wall must stretch by 200/E, (length). This means that 
the radius must also increase pro-rata by 200/E, (radius). If the radius of the 
tank is 100 ft. (1,200 in.) and the wall is stressed to 200 lb. per sq. in. there will 


re) 
be an outward movement of the wall of mats 


X 1,200 and if E, = 3,000,000 Ib. 
c 
200 X 1,200 
3,000,000 
of the tank is 100 ft. the wall may safely be designed as a simple cantilever provided 
that the outward deflection of the top end does not exceed about 0-080 in. 
To state the general case—the wall may safely be designed as a simple cantilever 


per sq. in., this movement is 


=o0:080 in. Therefore, if the radius 


provided the outward deflection of the top does not exceed - x (radius), where f; 
¢ 
is usually taken as 200 to goo lb. per sq. in. 
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With a cantilever wall of uniform thickness T as shown in Fig. 6.1 loaded with 
a triangular load W per unit length, the deflection of the top end is: 


_ Wee wH® 
15E,1  30E,I 
aa 
A i 
a 
i 


R 
(Radius)] 


Fig. 6.1 
5 
ame ee een, A = Ot X > ae rhe eteftection ie immed AR IEM 
308, T# 
eh See R _ 2wH® 5 
then ee age Y i 
308.7? /"E, 5fik 


In this expression all the terms must be expressed in the same units. If 7, Hand R 
are in feet, then w must be in lb. per cu. ft. and f, must be in lb. per sq. ft. The 
cantilever moment at the base of the wall is 4wH%. Ifthe bottom section of the wall 
is designed with an allowable stress f, in bending (usually about 300 Ib. per sq. in.), 
then 

pene Or. 9 ~ — wis 7. 


If the top end of the wall has reached its maximum allowable extension, then 


5 
(as already shown) T? = aR Dividing one expression by the other, 
5dt 
2 
Ss or ae 50 Si 


BSR /TR 


If f, = 200 lb. per sq. in. in direct tension and f, = 300 lb. per sq. in. in bending 
tension, H// TR = 1-29 for a wall of uniform thickness. The expression has been 
put in this form so that it may be compared with deep narrow circular tanks where 


H/*V TR is the critical value. 
If the wall tapers towards the top the deflection is increased and the limiting 


value of HV TR decreases, as shown in Fig. 6.2. 
Reverting to the wall of uniform thickness two expressions have been obtained 


for T. 


E 
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If the first is cubed and the second is squared, 


To w>H? _ 4w2H 10 


fe 25feR® " ~ — a5uf 


If w = 62-5 lb. per cu. ft., f, = 300 X 144 Ib. per sq. ft and 7, — 200 ~ 1290 
per sq. ft., then R = 15:78VH. 
If A = 95 ft, them A915 9 a 

Taking other values of H and modifying the coefficients to allow for tapering 
walls, the values given in Fig. 6.3 are obtained. This figure is not put forward as 
an exact solution to the problem, as the reader may wish to work to other stresses 
and will usually want to make some allowance for the area of steel reinforcement 
when finally checking his design. The values in Fig. 6.3 are only correct if f, is 
exactly 300 Ib. per sq. in. and f; is exactly 200 Ib. per sq. in. when reckoned on the 
concrete section alone. An actual example should make the matter clearer. 


e 
| 


= 200 Ib. per sq. in. 


: w = 62-5 Ib, per cu.ft. 
300 |b. per sq. in. 


fp = 
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A circular water tank is 15 ft. deep and 120 ft. in diameter. If this is designed 
for maximum tensile stresses of 200 lb. per sq. in. (in direct tension) and 300 lb. per 
sq. in. (in bending), can the wall be designed as a cantilever? 

Cantilever Mf = 4 x 62°5.x 153 X12 = 422,000 lb.-in. 


Minimum d = J 427,000 = 265 i = 2 
one 26-5 in., say 27 in., or T =-2-25 ft. 


Making the wall g in. thick at the top and tapering uniformly from bottom to top, 
o> it. (see fzg. 6.5). 


The thickness half-way up is 18 in. = 1°5 ft. 
I, per unit length of wall = #5 x 1-53 = 0-281 ft.4. From Fig. 6.4, 


Fe ree reece X [05 b2IS tne) 157 B39 902 000 
Ede E, X 0-281 E, , 
where £, is expressed in lb. per sq. ft. 
WH? 
O-On 
Ete E 
0-06 
0:05 
0:04 
<j 
0:03 Limit 0.0208 
0:02 
| fy 2 &. 4 5 
—— 
it 
Fig. 6.4. 


The maximum allowable extension of the radius is 


Sip __ (200 X 144) X 60 __ 1,730,000 ft 

E, E, ene: 
ee ft., or 50 per cent. greater than the maximum allowable 

¢ 

strain f,R/E,. The circumferential strain at the extreme top of the wall is therefore 
the same as would be caused by a hoop tension of 300 lb. per sq. in. Most practical 
designers, if they had the choice, would accept this, since the maximum strain occurs 
only at the very tip of the wall and some horizontal steel must be provided in the 
wall (according to CP.2007:1960, 0-3 per cent. of plain bars or 0-25 per cent. of 
deformed bars). If the horizontal bars are hooked at both ends and given ample 
laps, they must take some tension near the top of the wall, thus relieving some of 


whereas A= 
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the cantilever load. If the concrete strain corresponds to a concrete stress of 300 Ib. 
per sq. in. and m is equal to 15, the steel is stressed to 300 X 15 or 4,500 lb. per sq. in. 
If no deviation whatever is allowed from the value of 200 Ib. per sq. in., then A 

may be reduced by increasing J, by 50 per cent., which means increasing the 
thickness by about 15 per cent. If the thickness at the base of the wall were in- 
creased to 33 in., this would give a thickness halfway up the wall of 21 in. The 
value of J, would then be ;3; x 1°75% or 0°447 ft.4 and 

EL ose: 3°67. 

t 9 
The reader may check this for himself. Note that a wall tapering from 27 in. to 
9 in. would be quite satisfactory for a radius of 1-5 x 60 or go ft. This could have 
been seen at once from Fig. 6.3. For a depth of 15 ft. and a taper of JT = 3¢ the 
minimum radius is 95 ft. The discrepancy between go ft. and 95 ft. is due to the 
fact that the thickness of the wall was made 27 in. instead of 26:5 in. An increase 
of 1-89 per cent. in thickness reduces the deflection by 5:8 per cent. The wall is 
shown in Figs. 6.5 and 6.7. 


120'-O" diam. 


CANTILEVER 
Fig. 6.5. 


To see whether a cantilever design is economical it may be compared with a 
design based on hoop tension. An approximate thickness for 7" may be obtained 
from the curve for a uniform restrained wall (Fig. 3.21). 


VH V15 H2 o 2 
—- — . : Xx I 
pee O° 0645. At 50bd?, T = 0-34 Pa a = 1275 ft., say 


1Osin: If the top of the wall is made 8 in. in thickness, then T/t = 16/8 = 2. 
The wall is shown in Fig. 6.6. 


i 15 
VTR 1-33 x 60 
From the curves in Figs. 5.3 to Fig. 5.8, 


= 1°68. 
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Resiraint = oO twit R= 0717 X 62-5 x 15 x 1°33 X 60 = 12,750 lb.-ft 
Berra shear ==] sami — 0-84 < 62-5 x 15? = 4,780: lb. 

Maximum hoop tension = 0:3wHR = 16,900 |b. 

Position of maximum ‘tension is 0-72H above floor of tank. 

Hoop tension at top of wall = 0:17wHR = 9,600 lb. 

Reversed moment say 0-02wHTR = 1,500 \b.-ft. 


Maz = 12,750 lb.-ft. = 153,000 Ib.-in. per foot run of wall. 
M 153,000. 


—_ = == 49°8. 
bd? 12 x 162 9 
153,000 : ; ‘ : 
Ay = — 933000 | = I'OI sq. in., say 3-in. diam. bars at 5-in. centres. 
12,000 X 09 X I4 
16,g00 : 
Hoop steel = — == I°4T sq. in. 
P 12,000 eae 
Near outside face: 3?-in. diam. bars at 54-in. centres = 0-96 sq. in. 
Near inside face: ?-in. diam. bars at II-in. centres = 0-48 sq. in. 
1°44 sq. in. 
Maximum hoop tension occurs where wall is 10-25 in. in thickness. 
: a ' 16,900 : 
Tensile stress in concrete alone = ee 138 lb. per sq. in. 
I2 X 10°25 


The curve of hoop-tension loading and a section through the wall are shown in 
Figs. 6.6 and 6.8. 
Before a comparison of costs can be made a knowledge of the site conditions is 


HOOP TENSION 
Fig. 6.6. 


required as the design of the base of the wall depends on these conditions. Con- 
sidering the walls and bases to be as shown in Figs. 6.5, 6.6, 6.7 and 6.8, the canti- 
levered wall requires 2:0 cu. yd. of concrete and 2°5 cwt. of reinforcement per foot 
run of wall while the hoop-tension wall requires only 1-1 cu. yd. of concrete and 
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1°8 cwt. of reinforcement. For a tank having a diameter of 120 ft. and a depth 
of 15 ft. the cantilever design is clearly much dearer. One of the reasons for the 
difference is that the cantilever wall must contain a minimum of 0-3 per cent. of 
_ horizontal distribution steel which takes no part in resisting the water pressure. 
In the hooped wall both vertical and horizontal bars are structurally effective. 
In Fig. 6.9 alternative cantilever and hoop-tension designs for the wall of a tank 


ew 
CANTILEVER HOOP TENSION 
Fig. 6.9. 


200 ft. in diameter and to ft. deep are shown. With these dimensions and using 
a wall 12 in. in thickness at the base, with the hoop-tension design 86 per cent. 
of the water pressure is carried by the restraint shear and only 14 per cent. by 
hoop tension. Compare this with the wall in Fig. 6.8 where 68 per cent. is carried 
by the restraint shear and 32 per cent. by hoop tension. 

The quantities for the wall and footing (as shown in Fig. 6.9) per foot run of 
wall are: 


Cantilever design: 0°795 cu. yd. of concrete and 1-09 cwt. of steel. 
Hoop-tension design: 0-605 cu. yd. of concrete and 0-94 cwt. of steel. 


Even with a depth of 10 ft. and a diameter of 200 ft. the hoop-tension scheme is 
cheaper. There is no need to check the outward deflection of the top of the can- 
tilever wall; from Fig. 6.3, a 10-ft. wall tapering from TJ to 0-5 T requires a minimum 
radius of 67 ft. against the actual radius provided of 100 ft. 


Movement of Wall Base 


If the base of the wall moves outward the circumference of the tank increases 
pro rata. If the radius is 100 ft. (1,200 in.) and the wall base moves out 0-10 in., 
the strain in the wall is 0-10/1,200, and the induced stress, assuming E, is 


aay 3,000,000 = 250 lb. per sq. in. This, added 


3,000,000 lb. per sq. in., is 
ui 
to the stresses caused by loading, would almost certainly cause cracks in the upper 


part of a cantilevered wall. 

The same remarks would apply if the base did not move horizontally but settled 
unevenly. If the wall were 15 ft. high and the base 15 ft. wide, and the outside 
edge settled 0-10 in. more than the inside edge, the top of the wall would move 


out about o:10 in. 
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With a cantilevered wall, outward movement of the base does not affect the 
effective water pressure on the wall. With a hooped wall, outward movement 
reduces the restraint moment and the restraint shear, and increases the hoop tension 
in the lower part of the wall, thus reducing the effective outward water pressure at 
the base of the wall. If the wall shown in Figs. 6.6 and 6.8 had a sliding joint at the 
bottom the maximum hoop tension would be 15 xX 62°5 X 60 = 56,200 Ib. per 
foot of height. The wall is 16 in. in thickness and the hoop stress in the bottom 


56,200 


of the wall (ignoring the steel) would be er 293 lb. per sq. in. This would 


293 


in the wall and an increase of 293 < 60 ft. in the radius. 
Taking EF, as 3,000,000 lb. per sq. in., the increase would be 


2 : 
93 __ x 60 x 12 = 0°0703 in. 
3,000,000 


cause a strain of 


Thus, if the base of this wall moved outward by 0-0703 in. the restraint moment and 
restraint shear would vanish and the wall would be in the same state of simple hoop 
tension as a wall with an effective sliding joint at the bottom, and the amount of 
hoop steel provided would have to be greatly increased. 

Outward movement of the base of the wall may be restricted by reinforcement 
in the tank floor (provided the floor is not severed by drainage or pipe trenches). 
The total water pressure on the cantilevered wall in Figs. 6.5 and 6.7 is 7,030 lb. 
per foot run. If all this were taken on a 6-in. floor slab the stress (ignoring the 


steel) would be eae = 98 lb. per sq. in. and the strain about - cee causing 


3,000,000 
oe 


3,000,000 
generally only of academic interest. If the ground is so poor that no frictional 
resistance can be relied on, the tank floor will be carried on piles, piers or sleeper 
walls. 


the wall to move out about 


X 60 ft., or 0:0235 in. These figures are 


Example 


In Fig. 6.10, the wall of a sedimentation tank 75 ft. in diameter and 9 ft. 6 in. 
deep is shown. The wall carries a continuous outlet trough, which runs all round 
the tank as shown. This trough is 3 ft. wide and 1 ft. 3 in. deep, the bottom being 
screeded to falls. ‘The outer wall of the trough carries a rolling load of 1,120 Ib. 
which is spread over a length of 5 ft., giving 224 lb. per foot. The normal water 
level is at the top of the main wall, but the tank is to be designed for a head of g ft. 
g in. in case the outlets choke. The contents weigh 64 Ib. per cu. ft. 


H=975 ft. R= 37°5 ft. 


a/ ; 2 7p 8 
VA 3 eee H® _. 9°15" _ 
R 37:5 OR yD 
The approximate thickness may be found from Fig. 3.21. Working to 50bd2, 
2 
i = C22 = 0°22 X 2°54 = 0°56 ft. = 6-7 in. 


2°54. 


With horizontal and vertical bars on both faces and 1}-in. concrete cover, a 7-in. 
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wall is not going to leave much room down the centre for concreting; consequently 
an 8 in. wall will be chosen for a preliminary design and the same thickness will be 
assumed for the floor and outer wall of the trough, and the outer part of the main 
floor. 


ie oi 0-07 it, 
A = — EE — 1°95. 
VTR. V0-67 X 37°5 
This is more than the critical value of 1:29 and consequently this wall should not 


224 |b. per ft. 
hon-continuous 


Ring Tension 729 lb.g 


Xv 2s 


300 |b. 


9'-6" SO 


Ring compression 

729 Ib. 
75'-O" diameter ff 
| 


270 Ib, 


= ee i 
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Fig. 6.10. 


be designed as a simple cantilever; instead it will be designed as a fully-restrained 
circular tank. From Fig. 3.13, the moment at the base of the wall = 0:175wHTR 
= 0°175 xX 64 X 9°75 X 0:67 X 37°5 = 2,740 lb.-ft. per foot. 
= 32,800 lb.-in. per foot run of wall. 
From Fig. 3.16, maximum ring tension = 0:-2qwHR 
= 0°29 X 64 X 9°75 X 37°5 = 6,780 Ib. per foot height. 
Since the sectional area of an 8-in. wall per foot is 96 sq. in., the ring tension in the 
concrete is less than 100 lb. per. sq. in. 
6,780 
12,000 
If 4-in. diam. bars are provided at 6-in. centres in the outside rings (Bars E in 
Fig. 6.11), and 4-in. diam. bars are provided at 12-in. centres in the inside rings 
(Bars F in Fig. 6.11) the total area of steel is 0-589 sq. in. per foot height of wall. 
From Fig. 3.18, the maximum ring tension occurs at a height of o-7H or 


= 0'565 sq. in. 


Maximum ring steel = 
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6 ft. 10 in. from the floor. The shape of the wall is close to the shape for a value 


of H/V TR of 20 in. Fig. 3.4... This indicates how the ring tension falls off towards 
the bottom of the wall and this allows Bars E and F in Fig. 6.11 to be spaced out 
as shown. 

The weight of the outlet trough outside the main wall causes a cantilever moment 
on Section X-X in Fig. 6.10. There is a load of 242 lb. at a distance of 3 ft. 8 in. 
from the centre-line of the main wall and three loads totalling 708 Ib. at a distance 
ofr Tt. TO. in. 

M = 242 X 44 = 10,650 |b.-in. 
708 < 22 =.15,600 I|b.-in. 


26,250 Ib-in. 
There is also a cantilever moment of 224 X 44 = 9,860 lb.-in. caused by the rolling 
load but this does not occur all round the tank and cannot be dealt with by supplying 
a tension ring and a thrust ring. Assuming that the cantilever moment of 26,250 
Ib.-in. is taken on rings 36 in. apart, 


s0;anu == 720 Ib. per ft- 


Tension = compression = 


Ring tension = 729 X 37°5 ft. = 27,400 lb. 
27,400 
12,000 
Provide six ?-in. diam. bars = 2-65 sq. in. 
These are marked G and H in Fig. 6.11. 

The cantilever moment from the rolling load must run down to the bottom 
of the wall but will tend to spread along the circumference. 

If it is assumed that the total cantilever moment spreads over 10 ft. at the base 
1,120 lb. X 44 in. 
Lott. 

This must be added to the restraint moment of 32,800 lb.-in., giving a total of 
37,730 |b.-in. 
On an 8-in. slab, eles _ Je 
bd* 12 X 8? 
X-X is 26,250 + 9,860 = 36,110 lb.-in. Using 4-in diam. bars with I4-in. con- 
crete cover, 


Ring steel required = == 2° 20\sq. an. 


of the wall, the moment is = 4,930 lb.-in. per foot. 


= 49. The total cantilever moment on Section 


A,, at base of wall = . — 37,739 Pe, ’ ea, 
; 12,000 X 0:865 x 6-25 ie) 58 sq. 1n. Provide 3~1N. diam. 


bars at 4-in. centres. These are bars A and B in Fig. 6.11, and these are continued 
by bars C and D to cover the moment on Section X—-X in Fig. 6.10. 

The load on the main wall is carried on a width of 3 ft. To bring the load 
central on this width a tailing-down moment is required. At the base of the vertical 
wall there is a total vertical load of 2,124 Ib. which occurs 4 in. outside the centre- 
line of the wall, a small load from the toe of 270 lb. acting at a point g in. away 
and a moment of 37,730 lb.-in. or 3,140 Ib.-ft. 

Total = 2,124 X 0°33 = 710 lb.-ft. 
270 X 0°75 =2 seen 
3,140 33 33 


4,050 lb.-ft. 
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The total load on the floor, including self-weight is about 740 Ib. per sq. ft. If the 
tailing-down length is x ft., 


3 X 740x? = 4,050 or x = 3°31 ft., or 2,450 Ib. at a distance of 1°65 ft. 
The total load on the base 3 ft. wide is 


2,124 - 270 + 2,450 = 4,844 lb. or 0-72 tons per sq. ft. 


This completes the preliminary design for the main reinforcement. The restraint 
steel required to resist external earth pressure when the tank is empty will be less 
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than one-quarter of the steel near the inside face of the wall and }-in. diam. bars 
at 12-in. centres will be ample. 

In preparing a final design it must be remembered that the radius of the main 
wall is 37 ft. 10 in. while the radius of the outside wall of the overflow trough is 
41 ft. 6 in. For every foot length of main wall there is 1-095 ft. of outer wall 
and the load of 242 Ib. in Fig. 6.10 should really be 265 lb., etc. There is a close 
spacing of vertical bars where bars A, B, C and D overlap. If bars G and H are 
welded into continuous rings there is plenty of room for them, but if they are hooked 
at the ends and lapped there is not quite enough room for the hooks, which would 
be normally six diameters or 44 in. wide overall. Increasing the thickness of the 
miain wall and floor to 9 in. and using 3-in. diam. vertical bars instead of }-in. 
diam. would be an improvement. However, the tank would need to be completely 


re-designed, since the value of H/V TR would be altered. 
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Walls with Sliding Joints 


The introduction of a sliding joint at the base of a circular wall (where such a 
joint is permissible) reduces the design to simple arithmetic and this is left to the 
reader. 


Interrupted Circular Walls 


It has so far been assumed that the tank wall forms a complete circle. Where 
the wall is broken by the introduction of a large penstock or tank-to-tank flume 
it may not be possible to utilize hoop tension and the wall must cantilever. 


CHAPTER SEVEN 


RESTRAINT IN LARGE SHALLOW 
RECTANGULAR TANKS 


THE walls of large shallow rectangular tanks will normally consist of uniform or 
tapered slabs cantilevering from the floor. Midway between the corners the walls 
are free to take up their primary deflection, but at the corners there is theoretically 
a restraint effect. In Fig. 7.1, a vertical section and a plan section at the corner of 
a cantilevered slab wall are shown. At any depth h the cantilever deflects outward 
by an amount A, but this outward deflection cannot take place at the corner, and 
at these points horizontal bending moments and shearing forces will occur, reaching 
maximum values at each corner. ‘The calculated values of the bending moments 
and shearing forces, assuming that the corner remains exactly in its unloaded position, 


SECTION B-B SECTION A-A 
Fig. 7.1. 


are shown in Figs. 7.2 and 7.3. The fact that each wall exerts a tension F on the 
other tends to pull the corner outwards and relieves the restraint moment and 
shear to some extent. The amount of relief is difficult to calculate as it depends 
on the shear modulus of the concrete. Judging by the problem of restraint in 
circular tanks it may be Io to 20 per cent. 

The restraint moment dies away as the distance from the corner increases and 
finally develops into a small reversed moment, equal to about 0-21 times the restraint 


o-8F 


moment. The moment changes sign at a distance of from the corner. 


If a cantilever wall 15 ft. high is required to retain water and the base section 
is to be designed for a resistance moment of 6o0bd*, then 


60 xX 12 X d? =} x 62°5 X 15% X 12. 
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Pig — 24 sine say. 
Reducing this to 8 in. at the top, a taper of T to 0-333T is obtained. 
The maximum restraint moment (Fig. 7.2) occurs at about 0-4H (that is, about 


Wo 


O-O5wH2 O-lOwH? 


Moment —?> 
Fig. 7.2. 


Water Level 


6 ft.) above the floor, where the wall is about 17°5 in. in thickness and is 0-052wH 
= 0°052 X 62°5 X 15% = 11,000 lb.-ft. 
= 132,000 lb.-in. per foot height of wall 
M __ 132,000 
bd® 18 yeraan- 
Shear at 0°4H above floor (Fig. 7.3) = 0-25wH? 
= 0°25 X 62°R & 15* = 3520p. 
Theoretically then, the horizontal steel required at this depth is 


40: 


132,000 


A, = —_o j 

* — 12,00) Io Ga 0°843 sq. in. 
3520 __ ed : 
2 X 12,000 se Oe ae i 
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Say j-in. diam. bars at 5}-in. centres. 

o8F 0-8 Xx 0-25wH? 
w xX 06H 

A detail of the corner as calculated in the foregoing, is shown in Fig. 7.4, but a 


The moment dies away to zero at —— = 0°333H or 5 ft. 
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Fig. 7.4. 


difficulty now arises. It is known that close attention must be paid to the problem 
of restraint at the base of a circular wall reinforced in hoop tension, because this 
occurs at a major horizontal construction joint and where the water pressure is a 
maximum. If leaks occur in the wall of a tank they are most likely to occur at 
horizontal construction joints, particularly at the bottom one. Leakage through 
vertical construction joints is rare, and at the junction of two straight walls there 
should be no construction joint. (The specification should stipulate this.) Despite 
the foregoing theory the writer knows of no case where trouble has arisen due to 
this corner restraint. All practical designers put steel round the inside of the 
corner, but few of them calculate this and the amount is usually comparable with 
the horizontal distribution steel in the wall. In this case if 0-15 per cent. of 12 in. 
by 17:5 in. is provided, 0-314 sq. in. is used, against a calculated amount of 0:99 sq. 
in. This latter figure is based on the maximum moment and with a slab of this 
thickness it may be averaged out to some extent. An area of one-half of the calcu- 
lated maximum provided all the way up the corner would be a reasonable solution; 
that is, $-in. diam. bars at 7-in. centres over the full height of 15 ft. 


CHAPTER EIGHT 


MASS CONCRETE WALLS 


Mass concrete gravity walls are commonly used for very small or very large heads 
of water. Those for very large heads of water include dock walls and gravity dams 
which are not usually classed as reservoir walls and are not discussed here. 

Small walls are often found on small contracts where only the minimum plant 
and supervision are available and their design should include a factor of safety 
sufficiently large to cover these conditions. 


Site Conditions—Penetration of Water 


All foundation design must include a study of ground water conditions, as they 
exist before construction begins and as they may become after completion of the 
project. Loss of stability in gravity dams due to infiltration of water under pressure 
below the foundations or into horizontal construction joints has always been a grave 
cause for anxiety and has given rise to much controversy. 

Some existing walls have a layer of asphalt on the water face protected by a 
44-in. or g-in. brick facing. The asphalt could be replaced by a layer of synthetic 
fabric glued to the concrete with synthetic adhesive. Some of these fabrics wrinkle 
badly, which is a distinct disadvantage in such circumstances. This waterproof 
layer should prevent water from penetrating the construction joints in the wall. 
On wet sites there is danger of outside water finding its way through the construction 
joints (or through patches of porous concrete) and blowing the waterproof layer 
and brick facing into the tank when it is empty. 


Unbanked Gravity Walls on Dry Sites 


On high ground (such as at the top of a chalk hill) upward water pressure 
under the base may usually be ignored. Assuming that the concrete weighs 140 lb. 
per cu. ft., the following two conditions must both be satisfied: 


1. That the wall (when unsupported by external earth banking) must have a 
factor of safety of 2 against overturning about the outside toe. 

2. That the line of resultant thrust must lie everywhere within the ‘ middle- 
third’ of the horizontal section. 


If these assumptions are made the three elementary wall sections shown in 
Figs. 8.1, 8.2 and 8.3 are obtained. Al these sections have a factor of safety against 
overturning of at least 2 and in all cases the resultant falls on the middle-third point. 
The section shown in Fig. 8.2 requires only half the concrete needed for the section 
in Fig. 8.1. ‘The section in Fig. 8.3 is for a division wall to take unbalanced pressure 
from either side. In all cases w has been taken as 62-5 lb. per cu. ft. 

In fig. 8.4 a preliminary design for a wall to retain 6 ft. of water is shown. 
ee of being sloped, the back of the section is brought up in three lifts of 
2 ft. 3 in. 


Basing the design on Fig. 8.2 the design is commenced by drawing the line ab 
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Fig. 8.1. 
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at an inclination of 1 vertical to 0-667 horizontal. The weights of the various 
lifts of the wall are shown in the figure in pounds per foot run of wall. Taking 
moments about point x it is found that R cuts the section 2-67 ft. from x, which is 
about 2-7 in. inside the middle-third point. Taking moments about y it is found 
that R, cuts the base 2-78 ft. from y or only about 2 in. from the centre point of 
the base, the pressure on the ground varying from 930 to 630 lb. per sq. ft. If all 
the horizontal force of 1,125 lb. were resisted by shear-friction under the base, this 
would amount to only 214 lb. per sq. ft. Before the wall could move, counter- 
pressure would develop between the base slab and the excavation where shown in 
Fig. 8.4 (assuming the base slab is cast against the face of the excavation). Since 
the waterproof membrane is below the 6-in. floor a head of water of 6 ft. 6 in. 
instead of 6 ft. should be considered and if there is a real danger of the water level 
rising accidentally to the level of the coping the stability should be checked under a 
head of 7 ft. Since the water will penetrate the 4}-in. brick facing it might be 
thought that only the submerged weight of the brick would be effective. There 
will, however, be the pressure of a 6-ft. head of water on a strip 43 in. wide under 
the wall which, added to the submerged weight, brings it back to the full weight. 
The 6-in. floor will bring a certain amount of weight on to the inside edge of the 
footing slab thus increasing its stability. 


Unbanked Gravity Walls on Drained Sites 


If there is a danger of water finding its way under the wall from leaks in the 
floor and building up a pressure head, but the area round the tank is well drained, 
it may be assumed that the upward water pressure under the base varies from the 
full head of water in the tank on the line of the water face to zero on the outside 


2 


31-25H2 


1 
: 


Fig. 8.5. Fig. 8.6. 


face. Making this assumption and keeping the line of thrust within the middle- 
third the three elementary wall sections shown in Figs. 8.5, 8.6 and 8.7 are obtained. 
These sections all have a factor of safety of a least 2 against bodily overturning, in 
the sense that the horizontal pressure can be increased to 62:5H? providing the 
upward pressure under the base remains at the values shown in the figures. In 
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Fig. 8.8 a preliminary design is shown for a division wall to retain to ft. of water, 
assuming upward water pressure under the base and at the construction joints. 
The design is commenced by taking Fig. 8.7 and drawing two lines cd and cd’ 


lo'—0" 
11'-—6" 


4140 Ib. 
———?. 


2-6" 


Fig. 8.8. 


at such a slope that the base is 1-073 times the height. The head of pressure under 
the base could amount to 11°5 x 62:5 or 718 Ib. per sq. ft. On a base 12 ft. 6 in. 
in width this amounts to 4,500 Ib. per foot run of wall. The weights of the wall, 
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the footing slab and the water standing over the wall are as shown in the figure. 
Taking moments about point z, 


8,260 xX 6°25 = 51,600 lb.-ft. 
1,520 X 10°0 = 15,200 ;, »; 

550 X 12:06 ==) 6,6900F 5. 
2,780 X 6:25 = 17,350 99 95 
Homi g Comal : 90,780 lb.-ft. 


~4,140 X 3°83 = 15,850 
—4,500 X_8-33 = 37,500 53,350 lb.-ft. 


37,430 lb.-ft. 

Net weight = 13,110 — 4,500 = 8,610 lb. _— 
37,430 
8,610 
This is about 2 in. inside the middle-third of the base, which is 12 ft. 6 in. in width. 


The wall is prevented from sliding by a reaction r from the floor slab and by counter- 
pressure from the ground marked c.p. in Fig. 8.8. 


Distance of R from z = 


= 4°35 ft. 


Unbanked Gravity Walls on Wet Sites 


On a clay site where drainage is difficult the pressure head of water under the 
foundation could build up to the full value of the static head across the whole width 
of the foundation. The section shown in Fig. 8.5 would still hold good but the 
width of the base in Fig. 8.6 would need to be increased to 1-:16H and the base in 
Fig. 8.7 to 1:115H in width to keep a factor of safety of 2 against bodily overturning. 
On such a bad site a tank with a thin floor would scarcely be practicable. 


Banked Walls 


Many existing service reservoirs really consist of a hole or embankment (or a 
combination of both) lined with puddle clay. The reservoir has a floor of concrete 
or brick paving and there is a wall, often circular in plan, of concrete or brick or 
concrete faced with brick. The floor and walls protect the soft clay and keep the 
inside of the reservoir clean. The walls should be strong enough to restrain the 
wet clay as it is puddled behind them but need not be watertight or strong enough 
to resist water pressure. Old reservoirs on puddle-clay foundations present a 
problem when they have to be roofed over. Where they are circular on plan the 
problem can be solved by adding a domed roof of aluminium alloy (see Fig. 27.34). 
Puddle clay is no longer in general use in this country. 

When a bank of sand or ballast is used to support a mass concrete wall the 
wall must be watertight. However, when a bank of clay is used a watertight wall 
may permit the bank to dry and shrink in the summer leaving the top 6 ft. of the 
wall unsupported, and it is better either to supply a self-supporting watertight wall 
or revert to the old idea of well-packed clay and provide a wall sufficiently porous 
to keep the clay moist. In all cases the wall must be strong enough to resist the 
external earth pressure when the tank is empty. Assuming the earth pressure is 
30 lb. per sq. ft. per foot of depth, the minimum width of base to give a factor of 
safety of 2 against overturning (assuming the soil weighs 100 Ib. per cu. ft.) is as 
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shown in Fig. 8.9 for the three elementary shapes of wall section; these assume 
that the wall is straight. Many old reservoirs are circular in plan, which means 
that the brick or concrete lining is in a state of simple ring compression under 
pressure from the puddle clay when the reservoir is empty. 
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0-327H | 0:40 H 0:364H 
Fig. 8.9. 


Mass Concrete Footing Slabs 


On soft ground the design of the wall may require an extended toe to spread 
the load over a larger area and reduce the intensity of loading. That part of the 
toe which projects beyond the face of the main wall must act as a cantilever (see 
Fig. 8.10). If the amount of projection is ZL and the intensity of pressure is p, the 


Main Wall 


Fig. 8.10. 


cantilever moment is 0:5pL?. If the thickness of the toe is T then the tensile stress 

in bending is o-5pL? x = assuming that all the terms are expressed in the appro- 

priate units. If p = 3 tons per sq. ft., L =1 ft. and 7 = 1-5 ft. then the tensile 

stress is O05 X 3 X 1? X oe == 4 tons per sq. ft. or 62-2 lb. persq.in. Ifthe tensile 
15 


strength of the concrete is one-tenth of its compressive strength and a factor of 
safety of 2 is required the concrete must have a minimum test cube strength of 
62:2 X 20 = 1,250 lb. per sq. in. This and other values are shown in Fig. 8.11. 
When the intensity of loading exceeds 4 tons per sq. ft. the shear stress in the 
concrete should also be checked. This is not necessary for the values included in 
Fig. 8.11. In practice the value of p is usually a maximum at the edge of the toe 
while the values in Fig. 8.11 have been calculated for a uniform value of p. For 
the small walls being discussed here the difference is negligible. The full depth 
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of the footing slab should be cast in one continuous operation. The old rule-of- 
thumb said that the angle @ in Fig. 8.10 should not be less than 60 deg. (some 
designers said 45 deg.). These lines are shown for comparison in Fig. ois 


4000 Ib. 
per sq In. 


3,000 Ib 


2,000 !b. 
p= 3 tons per sq. ft. 


— p=4 tons 
é per sq. ft. 


1,000 Ib. 


MINIMUM TEST CUBE STRENGTH 


Mass Concrete Counterfort Walls 


In a gravity wall the weight is most effective if applied at or near the water 
face. Any weight applied behind the middle-third, in theory at any rate, causes 
tension on the water face. 

A preliminary design for a mass concrete counterfort wall 20 ft. high is shown 


concealed arch 


70,000 |b. 
35,000 |b. 


187,500 Ib, 


PLAN 
2360 |b 
per sq.ft. 


Fig. 8.12. 


in Fig. 8.12. The counterforts are 5 ft. in thickness, are spaced at 15-ft. centres 
and are triangular in elevation. The ‘slab’ is 2 ft. 6 in. in thickness and is sufficiently 
thick to contain a concealed arch, to exploit which the corners of the reservoir 


MASS CONCRETE WALLS ~ a 81 


must be held securely (see Fig. 14.2). The maximum pressure on the ground, 
assuming that the total load is carried on an area of g ft. by 20 ft. 6 in. under the 
counterfort, is little more than 1 ton per sq. ft. and the shear-friction stress on 
the ground immediately below the footing slab is less than 0-5 ton per sq. ft. 

A solid concrete wall would need to be at least 13 ft. 4 in. wide at the base 
(see Fig. 8.2). Assuming it were 1 ft. 6 in. wide at the top it would require (includ- 
ing the footing slab) 100 cu. yd. of concrete per 15-ft. length against 71 cu. yd. 
required from the wall shown in Fig. 8.12, but the solid wall would need less shut- 
tering. The back of the counterfort in Fig. 8.12 would generally be brought up 
in vertical lifts, as shown by the broken lines. The shear strength at the horizontal 
construction joints in mass concrete work may be largely a matter of friction. As- 
suming that all the horizontal pressure of 187,500 lb. in Fig. 8.12 is taken on the 
area 5 ft. by 17 ft. 6 in. at the base of the wall, the ratio of horizontal to vertical 


intents? 8 
load on the bottom construction joint is 2 = 1:34. The coeffi- 


(105,000 + 35,000) 
cient of friction, concrete-on-concrete, is 2-0 to 3:0. To ensure that the slab and 
counterfort work together, construction joints in each lift of concreting should be 
made only at points midway between counterforts where marked c.7. in Fig. 8.12. 
With sections of this thickness a concrete mix of 1 : 24: 5 should make a water- 
tight wall. 


CHAPTER NINE 


CANTILEVERED SLAB WALLS 


THE most common type of cantilevered slab wall is that shown in Fig. 9.1. It 
can only be used on a dry or well-drained site as it depends for its stability on the 


Stalk 


Toe 


Fig. 9.1. 


weight of water standing over its tail. Leakage of water sufficient to build up 
a pressure head under the base of the wall will cause it immediately to overturn 
(see Fig. 16.33). 


Theoretical Proportions 


In practice the arithmetic is complicated by the thickness of the members and 
the weight of the concrete. If the theoretical wall shown in Fig. 9.2 with thin, 


Fig. 9.2. 


weightless members is considered, the width of base to satisfy any given conditions 


of stability can be calculated and the ratio between x and » to give the minimum 
width of base can be determined. 
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Assuming the wall must satisfy both of the following conditions: 


1. That the factor of safety against bodily overturning about the outside end 
of the toe shall be not less than 2; 

2. That the line of the resultant pressure on the foundation shall fall within 
the middle-third of the base; 


the values given in Fig. 9.3 are obtained. 


Oeme}) O'2°7°O'3 O74 O'580°6 O'7 O68 69 1° 


eo? 
Ratio Tail —r 


Fig. 9.3. 


The minimum width of base occurs when the width of the toe is one-half of 
that of the tail and is 0-863 times the height H. With these proportions the line of 
the resultant falls exactly on the middle-third point, and the maximum pressure p 
on the foundation in Fig. 9.2 is 1:33wH. At the point where the stalk meets the 
base the three cantilever moments in the stalk, toe and tail must balance. With 
the width of base equal to 0-863H and the width of toe equal to one-half of the 
tail, these moments are as shown in Fig. 9.4. 


O-1667 wH? 
he 


cone th) O:1174wH3 


Fig. 9.4. 


Although the values in Fig. 9.3 may not give the best practical solution at the 
first attempt, they are always a useful guide for a preliminary design. Note that 
the proportions hold good for all values of w. Since overturning moments are 
taken about point X in Fig. 9.1 the water pressure acts at a height of hy above the 
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underside of the base where h, = (0-33 X depth) + thickness of base. The effec- 
tive value of H in practice is therefore very nearly (depth of water plus thickness 


of base). 


Thickness of Stalk 


The moment per foot run of wall at any depth h below the surface is 0-167wh? 
and, working to a resistance moment of 60bd?, then with 6 = 1, 60d? = 0:167wh?. 
Taking w as 62-5 lb. per cu. ft., 

God? = 0°167_x 62:5h3 or d= 0-416 VA3, 
where d is in inches and A is in feet. 
If h = 10 ft., then d = 0-416V 1,000= 13-2 in. The minimum thickness of wall 


required for a resistance-moment value of 60bd? for a wall 20 ft. high is shown 
in Fig. 9.5. Few designers would make a watertight wall less than 5 in. in thick- 


5'-O! 


10'-O" 


24-13" SO 


Jzo-0" 


Fig. 9.5. 
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ness and most would not go below Gin. At 60d?, a 6-in. slab will carry a head of 
water of 5:92 ft. 

For a wall 20 ft. high the wall section could therefore be any of the Shapes 
I, II, TI, 1V, V or VI shown in Fig. 9.6, and the shape selected should be most 
economical in terms of the combined cost of concrete, steel and centering. The 
area of section of each shape is given in the figure. The amount of concrete is 
obviously least for Shape VI and most for Shape I. Most modern designers 
would avoid Shape V. Up to a point the area of vertical steel will vary (very 
nearly) inversely as the thickness of wall, but the range over which this happens 
is very limited. Few designers would put less than 0:15 per cent. of vertical steel 
near each face of the wall and most would put not less than 0-3 per cent. near the 
water face. This proviso places a heavy handicap on Shape I where the wall is 
37°2 in. in thickness throughout, for the vertical steel per foot run of wall must 
be not less than 0-003 X 12 X 37:2 or 1-34 sq. in. near the water face and 0-67 
sq. in. near the outside face all the way up. Since the earth pressure from a bank 
of dry earth can scarcely exceed 18 lb. per sq. ft. per foot of depth and a stress of 
18,000 lb. per sq. in. may be employed to resist earth pressure (against 12,000 lb. 
per sq. in. to resist water pressure), the vertical steel near the outside face of the 
wall is dictated by the minimum of 0-15 per cent. and not by the moment due to 
earth pressure (see Mig. 9.10). 

To resist a moment of 60bd?, about 0-7 per cent. of tension steel is required 
near the water face, provided the slab is made the minimum thickness. Assuming 
that 0-15 per cent. of vertical steel is provided near the outside face and 0:15 per 
cent. of horizontal steel near each face, the combined areas of steel are: 

(o-7 + 0°15 + 0-15 + 0°15) = 1°15 per cent. of d, 
If the thickness of the wall is doubled and a minimum of 0-3 per cent. of vertical 
steel is provided near the water face, the total reinforcement is now 
(0°3 + 0-15 + 0-15 4- 0°15) = 0°75 per cent. of 2d, 
= 1'5 per cent. of d. 
It therefore pays to keep as close as is reasonably possible to the minimum thick- 
ness given in Fig. 9.5. 

The area of shuttering required is practically the same for all the shapes in 
Fig. 9.6. Most modern specifications rule out any shuttering system with a multi- 
plicity of ties, in which case many standard wall forms may not be used. With 
well-designed timber shutters the difference in cost between the shuttering for the 
six shapes would be small. If the wall were sufficiently long to justify the provision 
of a travelling steel fit-up (see Fig. 26.8) the difference in cost between making the 
outer face curved or straight would be very small. 

A curved or broken batter complicates the arrangement of steel, and the inner 
face, near which the heavy steel is provided, should normally be vertical or on a 
straight batter, the outer face being curved or bent. 

Usually then, for a wall less than 6 ft. high a uniform thickness of 6 in. would 
be used; for a wall ro ft. high a thickness of 6 in. at the top varying uniformly to 
13-2 in. at the base (say 14 in. in practice). For a wall 15 ft. to 20 ft. high, use 
Shape III or Shape VI in Fig. 9.6. 

The standard round end-hook on a bar is bent to a radius of two bar diameters 
and the hook on a }-in. diam. rod measures 3 in. overall; adding 1} in. on both 
sides gives a total of 6 in. This is the reason for showing Shape VI in Fig. 9.6. 
Reducing the top section to 6 in. (as in Shape IV) may introduce trouble with 
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the hooks on the main bars, whereas keeping to a minimum of g in. will avoid this. 
This point is emphasized in the worked example that follows. 

The overall thickness of the slab is calculated from some value of M such as 
60bd? while the area of tension reinforcement, taking the maximum allowable stress 
as 12,000 lb. per sq. in., is calculated as 


M 
12,000 X (lever arm) 


Ags = 


The lever arm will vary with the percentage of reinforcement calculated on the 
area bd,, where d, is the effective depth. The ratio between d, and d depends on 
the thickness of the slab, the amount of cover and the diameter of the rods. 
With a 6-in. wall having 1} in. of concrete cover and reinforced with 4-in. diam. 
rods, d; = 4°25 in. and if M = 60bd?.= 60 X 12 X 67, this gives 
M _ 60 xX 12 X 6 © 
bd,;? 12 xX 4°25 
From Fig. 9.7, the lever arm is 0-852d,. 


119°5. 


80d, - 0-854; 090d, O95, Ody 
Lever arm ——» 
Fig. 9.7. 


With a 24-in. wall having 1}-in. concrete cover and reinforced with ?-in. diam. 
bars, d, = 22:125 in., and 
M _ 60 X 12 X 24? 
bd? 12 X 22125? 
From Fig. 9.7 the lever arm is 0-88d, or only some 3 per cent. larger. The values 
of interest in practical design lie on that part of the curve in Fig. 9.7 which is shown 
by the full line, and if the lever arm is assumed to be 0-8654, for all sections of the 
wall, this is sufficiently accurate in practice. 
If a tapering wall section is adopted then, theoretically, it should be designed as 
a tapering beam but the taper is too small to make any practical difference in this 
case. 
The shearing stresses in the stalk of the wall are not likely to be high. Working 
to a resistance moment of 60bd?, the thickness must be not less than o-416V h3, 
if w = 62:5 Ib. per cu. ft. Working to a permissible shearing stress of 115 Ib. per 


= 70'5. 


88 4 RESERVOIRS AND TANKS 


sq. in. and taking the lever arm as o-67d, then d must be not less than 0:034h?. 


At the point where o-416VhF = 0-034h?, h = 150 ft. Consequently, the shear 
stress in the stalk of the wall need not be checked for walls less than 150 ft. high. 


Preliminary Design for Cantilevered Slab Wall 15 ft. High 


The wall is to retain water and to be designed for M = 60bd*. Taking all 
values per foot run of wall, total water pressure = 0°5 x 62°5 < 157 = 7,03em 
Mat base of stalk =7,030 X 60 = 422,000 lb.-in. 


Minimum d at 60bd >, |e 
60x 12 


Starting with a section similar to Shape III in Fig. 9.6, the section is as shown in 


= 24'2 in., say 25 in. 


Effective area 
of steel supplied 


Area of steel 
required 


be 


1*77 sq. in. 


Fig. 9.8. 
Fig. 9.8. The wall tapers 19 in. in a height of g ft. 1 in. At a depth of ro ft. the 
wall is 14°55 in. in thickness and d, at this depth is, say, 12°55 in. 
M at io-ft. depth = 0-167 x 62°5 X 103 X 12 
= 125,000 lb.-in. 
125,000 : 
12,000 X 0-865 X 12°55 0°90 84: in. 


Repeating the process for depths of 6 ft., 8 ft., 12 ft ft : 
Fig 9.8 is obtained. : .» 14 ft. and 15 ft., the curve in 


As 


At pase, A, == 422,05 


12,000 X 0865 x23 7 a 
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If {-in. diam. bars at 4-in. centres are provided in three lengths A, B and C, bar C 
cannot be run any higher than shown, for a -in. diam. standard hook is 5-25 in. 
wide and this will not go in a 6-in. wall. The hook could be bent hot to 3 in. 
overall (which would make it much less efficient) or it could be turned sideways 
(which would be very inconvenient to bend). Apart from these two makeshift 
solutions bar C can be stopped off where shown in Fig. 9.8 and other bars D and E 
introduced to supply the necessary area of steel in the upper part of the wall. The 
overall width of a hook for a 3-in. diam. rod is 3% in. against a net width of 3 in. 
available in a 6-in. wall with 14-in. concrete cover. With a straight detached bar 
this can be overcome by rotating the bar through about 45 deg. 

If the top of the wall is thickened to 8 in. and }-in. bars at 3-in. centres are used, 
as in Fig. 9.9, one bar J can be run right up to the top and no extra loose bars, 


Effective area 
of steel supplied 


! 
1 
i} 
| 
I 
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\ 
\ 


Arca of steel 
required 
\ 


25. 1-77 sq in. 


Fig. 9.9. 


similar to bars D and E in Fig. 9.8, are needed. This not only makes the bar 
arrangement simpler and more foolproof but it reduces the weight of steel by eli- 
minating the laps in the design in Fig. 9.8, saving about 0-09 cwt. per foot run of 
wall. Against this the wall in Fig. 9.9 requires 0:035 cu. yd. more concrete per 
foot run. If concrete costs 1:5 units per cu. yd. and steel costs 1-0 units per cwt., 
a small saving in cost and a sounder wall are obtained by adopting the design shown 
in Fig. 9.9. ae 

If the spacing of the bars in Fig. 9.9 were increased from 3 in. to 3} in., the 
calculated stress would be increased from 12,000 to 14,000 lb. per sq. in. The 
author would accept this as sound design. Increasing the spacing to 4 in. would 
increase the calculated stress to 16,000 lb. per sq. in. Many existing walls have 
been designed to this figure. 

If the wall in Fig. 9.9 is to be banked round (and this is usually done after the 
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reservoir is filled and tested), if the earth pressure is taken as 20 Ib. per sq. ft. per 
foot of depth, and working to a steel stress of 18,000 Ib. per sq. in., the area of steel 
required, taking the lever arm as 0-92d,, will be about 0-2 times the steel area in 
Fig. 9.9; this is shown in Fig. 9.10. The area required to resist the moment due 
to earth pressure is less than the minimum permissible area of 0-15 per cent. 
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0-354 sq.in. 
Fig. 9.10. 


The total area of the section of the wall in Fig. 9.9 is 15:9 sq. ft. At 0-3 per 

cent. the total area of longitudinal distribution steel required is 

03 : 

Foo) 1) aa 6-85 sq. in. 
At the top of the wall 0-003 x 8 X 12 = 0-29 sq. in. per foot height is required, 
say }-in. diam. rods at 16-in. centres near both faces. At the base of the wall 
0:003 X 25 X I2 = 0-'gO sq in. is required, say 3-in. diam. rods at 12-in. centres 
near both faces. 

In practice the danger of vertical cracks developing increases from bottom to 
top of the wall, reaching a maximum at the exposed top edge, and more horizontal 
steel is required in the top of the wall than near the bottom. The author would 
prefer the arrangement in Fig. 9.11. This has a total sectional area of steel of 
6-89 sq. in. (against the figure of 6-85 sq. in. calculated in the foregoing) but has 
a higher percentage of steel in the upper part of the wall than in the lower. This 
is another illustration of the fact that any Code of Practice that specifies fixed values 
for thicknesses and working stresses can never be more than a collection of inaccurate 
generalities. Even if the specified values are fair average figures they must be too 
high for certain site conditions and too low for others. 
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For a long wall on an exposed site the distribution bars in the upper part of 
the wall should be deformed bars or plain bars with long laps and end-hooks. 
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Fig. 9.11. 


Design of Wall Base 


Many early. bases were designed as shown in Fig. 9.12. How many were actually 
built as designed and how many were modified on site to the form shown in Fig. 9.1 
is not on record. To produce a strongly sloping top surface the contractor may 


Fig. 9.12. 


use over-dry lightly-tamped concrete without top shuttering or a proper mix pro- 
perly consolidated and held down by top shutters. The first expedient gives a 
poor but cheap job and the second a good but expensive one, and modern bases 
are usually designed as shown in Fig. 9.1. 

As the reservoir floor is usually laid to falls the top surface of the tail may slope 
about 1 in. in 10 ft. 


Preliminary Design for Base for 15-ft. Wall 


Taking the wall in Figs. 9.9, 9.10 and g.11, and assuming that the width of 
the base is 0:863H (see Fig. 9.3), first H must be determined. From Fig. 9.4 the 
theoretical moment in the tail is about 0-7 times the moment in the stalk, and 

G 
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the tail at 60bd? need only be about 0-84 times the thickness of the bottom of the 
stalk, or say 21 in. The effective value of A in Fig. 9.3 is about 15 ft. + 1 ft. 9 in., 
or 16°75 ft. (see also Fig. 9.1). The width of base, taking the minimum value of 
0°863H = 0:863 xX 16°75 or say 14 ft. 6 in. 

This corresponds to a toe-to-tail ratio of 1:2, so that the width of the toe is 
4 ft. 10 in. and of the tail is 9 ft. 8 in. making up the total of 14 ft. 6 in. 

The theoretical wall has no thickness but the actual wall varies from 8 in. to 
25 in. and it must be decided from where the toe and tail are to be measured. 
Measuring from the outside face of the 8-in. upper portion, the dimensions in 
Fig. 9.13 are obtained. The loading per foot run of wall is shown in the figure. 
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Fig. 9.13. 
Taking moments about point X: 


830 X 4°36 = 3,600 lb.-ft. 
1,550 X 5°17 = 8,000 ,, 5, 
8,450 xX 10°00 as 84,500 2 93 
3,800 x 7°25 = 27,600 29 99 
14,630 123,700 I|b.-ft. 


7,030 X 6-75 = 47,500 55 5; 
76,200 lb.-ft. 


76,200 


Horizontal distance of R from point X = 
14,630 


= 5:2 ft., or 2:05 ft. from the 
centre of the base. 
14,630 56 : 
» = eine ee be one 
14°5 14°5 
= + 1,010 + 855 
= +1,865 to +155 lb. per sq. ft. 
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Of the total upward pressure of 14,630 Ib., 5,670 Ib. acts under the toe and 6,170 Ib. 
under the tail, as shown in Fig. 9.14. 
Upward moment on toe = (5,670 x 1-78) — (895 X 1°71) = 8,570 lb.-ft. 
Downward moment on tail = (8,450 x 4:5) + (2,360 x 4:5) — (6,170 X 3°34) 
= 28,100 lb.-ft. 

The cantilever moment at the bottom of the stalk is 7,030 x 5 = 35,150 lb.-ft. 
The sum of the moments in the toe and tail in the theoretical wall balances the 
moment in the stalk (see Fig. 9.4). In the present case, the corresponding moments 
are 8,570 +- 28,100 (= 36,670 lb.-ft.) and 35,150 lb.-ft., which do not balance. 


8,450 Ib. 


3'-5" | geet - 


(oe lb. (eee Ib. 


pe Ib. 


5,670 Ib. 


Fig. 9.14. 


The discrepancy is due to the fact that the loading on the solid block dmno in Fig. 9.14 
has been ignored. 

The moment on the tail is 28,100 lb.-ft. = 337,000 lb.-in. and for a resistance 
moment of 606d? a thickness of 21-62 in. is needed, compared to the preliminary 
figure of 21 in. 

The area of steel available consists of the bottom ends of bars F, G, H and J 
in Fig. 9.9, totalling 1°77 sq. in. 

Making the base 22 in. in thickness, 
337,000 : , 
iia 12,000 X 0°865 X 20 _ Se ae 
The bar arrangement is as shown in Fig. 9.15. 

If this wall is banked up to water level with earth weighing 100 lb. per cu. ft., 
which exerts a pressure of 20 lb. per sq. ft. per foot of depth, the loading per foot 
run of wall is as shown in Fig. 9.16. 

Taking moments about point X, the horizontal distance of R from point X is 5-39 ft. 
Of the total upward pressure of 12,867 lb., 5,670 lb. acts under the tail. 
Upward M on tail = (5,670 X 3°49) — (2,360 X 4°50) = 9,180 lb.-ft. 

= 110,000 lb.-in. 


_ 110,000 

~ 18,000 X 0:92 X 20 

The lower ends of bars L and K in Fig. g.10 are available, giving 0-61 sq. in. of steel. 
The sectional area of the base is 14 ft. 6 in. by 1 ft. 10 in. or 26-6 sq. ft. If the 

area of distribution steel specified is 0-3 per cent., 11°45 sq. in. are required. ‘T'wenty- 


two bars are shown in Fig. 9.15. If these bars were 3-in. in diameter the total 


Ay == 0°332 sq. in. 
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area would be 6-74 sq. in. or only 0:177 per cent. On some sites this would be 
enough. If 3-in. diam. bars were used they would total 9-7 sq. in. or 0°254 per 
cent., which is sufficient for any slab of this thickness resting on the ground in a 
temperate climate. The shear on the ground under the base, ignoring counter- 
pressure against the front face of the toe, is 7,030 lb. on 14:5 sq. ft. or 485 lb. per 


5-2" o/a 


Bars GIO) and GC) similar 


. ate 


1,550 Ib. IS @? 
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277 Ib. (.0.earth) 
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Fig. 9.16. 


sq. ft. After the banking (if any) is placed, the maximum pressure on the ground 
is (1,865 + 1,570) lb. or 1-53 tons per sq. ft. These figures are safe on any site 
where this form of construction is possible. 

This completes the preliminary design. The final design is arrived at by modify- 
ing this preliminary design to suit the site conditions. 
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Cantilevered Slab Division Wall 


For a division wall formed as a cantilevered slab, since major vertical steel is 
required near both faces of the wall, the choice of section is practically restricted 
to Shapes VII, VIII and IX in Fig. 9.17. In Fig. 9.10 vertical steel is provided 


WIT Mil KX 
Fig. 9.17. 


near the bent face of the wall but this only represents about one-fifth of the steel 
on the straight face and consists of relatively few small bars. To adopt a similar 
arrangement of numerous heavy bars near both faces of the wall leads to a jumble 
of crossing and overlapping bars at the point where the slope of the wall changes. 
For this reason Shape VIII would normally be used for a wall 15 ft. high and 
Shape [X for a wall having a height of 20 ft. or more, Shape VII being used for 
walls 6 ft. or 8 ft. in height. 


Preliminary Design for Division Wall 15 ft. High 


If Shape VIII is adopted and the wall is made 8 in. thick at the top, the section 
in Fig. 9.18 is obtained. The curve showing the area of steel required is calculated 
as before. At a depth of 10 ft. the wall is 19°51 in. in thickness or d, = 17-51 in., 
say. The cantilever moment is 125,000 lb.-in. 

125,000 _ 
12,000 X 0:865 X 17°51 
Keeping to a minimum of 0-3 per cent. of steel near the water face the bar arrange- 
ment shown in Fig. 9.18 is obtained. The arrangement would be improved if bar O 
were carried 2 feet further up the wall. If this were done, the author would be 
prepared to see the spacing of the bars at the base of the wall increased from 3 in. 
to 3 in., thus increasing the calculated stress in the steel from 12,000 to 14,000 Ib. 
per sq. in. If the designer is prepared to accept a minimum of 0°15 per cent. of 
distribution steel near the water-retaining face, bar P could be shortened by about 


Ay os 


= 0°688 sq. in. 
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5 ft. The area of section in Fig. 9.18 is 21-3 sq. ft. Using 0-3 per cent. of distribu- 
tion steel, 0-003 X 21°3 X 144 = 9:2 sq. in. are required. If the horizontal bars 
are spaced at 12-in. centres, there are 32 bars. If the bottom 4 bars on each side 
are 3-in. in diam., the next 6 are 3-in. in diam. and the top 6 are }-in. diam., the 
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Fig. 9.18. 


total steel area will be 9-4 sq. in. The laps should always be staggered, and not less 
than 40 diameters and never less than 2 ft. in length. If the reservoir has no roof 
and it may stand empty for some appreciable time the distributors in the upper 
part of the wall should have hooked ends or be deformed bars. Under these con- 
ditions which can cause heavy tension in the upper part of the wall the bars should 


O:167wH? 
LE FR 


0-083wH> ty 0-083wH? 


Fig. 9.19. 
all be §-in. in diameter. If the tank is roofed over and is always in use, the spacing 
could be increased to 15 in. and the number of bars reduced to 26. 

Since toe and tail are equal in width, a base of a width equal to 0-943 times 
the height is required for a thin weightless wall if a factor of safety of 2 against 
overturning is required (see Fig. 9.3). 

In this theoretical wall the cantilever moment of 0-167wH? at the bottom of 
the stalk is resisted by two equal moments of 0-083wH? in the toe and tail, as shown 
in Fig. 9.19. For a resistance moment of 60bd?, the base slab therefore need only 
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be 0-707 times as thick as the bottom of the stalk. For the 15-ft. wall in Fig. 9.18 
the base will be about 0-7 X 25 or, say, 18 in. in thickness and the effective height 
of the wall will be about 16 ft. 6 in. (see Fig. 9.1). The width of the base for the 
theoretical wall is 0-943H and a value of 0-943 X 16:5 ft. or 15 ft. 6 in. may be 


8" foeu 
=e 


|5‘-O" 


7,030 Ib. 


X 


1,287 tb. 
per sq. ft. 


Fig. 9.20. 


adopted for a-preliminary design. This is shown in Fig. 9.20, which also shows 
the loading per foot run of wall. Taking moments about point X: 


823 x 7:18 = 5,900 Ib.-ft. 

too «775 = 12,000 ;, 5», 

480 xX 8:32 = 4,000 ;, 5; 

6,950 X II°79 .= 82,000 ,, ,, 
_3:409 X 775 Sep ta) OO Sata? 
say 13,300 aor Ne 131,000 lb.-ft. 
7,030 X 6:5 = 45,600 ,, 5, 

85,400 lb.-ft. 


Horizontal distance of R from X = Bosd0e = 6-45 ft, Ehis is 1-30 ft. from. the 
13,300 


centre-line. 


p = 13:300 4 13,300 X 130 X © _ 11 987 to +425 Ib. per sq. ft. 
to 15°5 
Owing to the weight and thickness of the members the true factor of safety against 
131,000 


ae: or 2‘QI, against 2-0 in the thin weightless wall in Fig. 9.3. 
53 


Of the total upward earth pressure of 13,300 lb., 7,360 Ib. acts on the toe in front 


overturning is 
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of the stalk, 1,800 Ib. is directly under the stalk and 4,100 Ib. acts under the tail 
behind the stalk. The base projects 6-71 ft. in front of and behind the stalk and 
the weight of each projecting part is 6-71 X 225 or 1,510 lb. 
The upward moment on the toe is 
(7,360 X 3°55) — (1,510 X 0-5 X 6°71) = 21,080 Ib.-ft. 

The downward moment on the tail is 

(6-71 X 15 X 62°5 X O-5 X 6-71) + {1,510 X 0-5 X 6-71) — (4,100 X 3°01) 

= 13,920 lb.-ft. 

The cantilever moment on the stalk is 7,030 X 5°0 = 35,150 |b.-ft. 
The sum of the moments in the toe and tail is 21,080 + 13,920 = 35,000 lb.-ft. 
The small discrepancy is due to neglecting the loading on the solid block 25 in. 
wide and 18 in. deep at the intersection of the members. 

The moment on the toe is 21,080 lb.-ft. = 252,200 |b.-in., with compression 
on the water face. At 250bd,2, the minimum d, is only 9:17 in. 

The moment on the tail is 13,920 lb.-ft. = 167,000 lb.-in. At 60bd*, the mini- 
mum d is 15:25 in. A preliminary design for the base is shown in Fig. 9.21. 
A ired denide = 5 ee vomenn 

s¢ required near underside = Te oe OI sq. in. 

Bars N, O, P and Q from the stalk total 1-77 sq. in. 


: 167,000 
A, required near top = ee whee B65 x 16 

If bars S and T are 3-in. diam. at 12-in. centres and bars R are ?-in. diam. 
at 12-in. centres, the total area is 1:06 sq. in. 

The area of section of the base is 18 in. by 15 ft. 6 in. or 23:2 sq. ft. For 0-3 
per cent. the distribution steel required would be 10-0 sq. in. ‘Twenty-eight bars 
are shown in Fig. 9.21. If these were 3-in. in diameter they would total 8-6 sq. in. 
or 0-258 per cent. This is ample for such a thick slab resting on the ground. 


= OL sqm 


All distributors are %” ev, 12” 


Fig. 9.21. 


The bottom layer of bars in the centre of the base in Fig. 9.21 is rather crowded 
with pairs of bars at 3-in. centres. If %-in. diam. bars at 4-in. centres were sub- 
stituted for ?-in. diam. bars at 3-in. centres the base would be easier to concrete. 


Joint with Floor 


The preliminary designs for the walls have been prepared on the assumption 
that they were independent of the floor slab. The joint between walls and the 
floor may be made as shown in the upper detail in Fig. 9.22, or possibly as in the 
lower detail, where the piece of floor attached to the wall base acts as part of the 
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base. If the water is 15 ft. deep and the floor 6 in. in thickness it can cantilever 
2 {t. as shown. 
24,300 


Ay, = 
t 72,000 X 0-865 X 425 ne 


say, 4-in. diam. bars at 4-in. centres. 
Shear stress g = 46 lb. per sq. in. 


In both cases the joint could be covered by a strip of aluminum foil set in bituminous 
paint. 


Ya" ev.4" centres FLOOR 


Fig. 9.22. 
Stability of Cantilevered Slab Walls 


To ensure the stability of a cantilevered slab wall water must be excluded from 
below the underside of the base. If the edges of the base of the wall are shuttered, 
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Fig. 9.23. 


then spaces A and B in Fig. 9.23 must be filled back with reasonably good mass 
concrete and, in doubtful cases, space C should be filled as well and drains should 
be provided to lead away rainwater. is usually possible for service reservoirs 
NERS, 4 
~ 4 
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which are normally placed on the highest part of the site. For industrial tanks 
on low-lying sites where drainage is difficult, walls of this type should not be used. 


Net Cost of Wall Base 


The tail of the wall in Fig. 9.1 also serves as part of the floor. Increasing the 
width of the tail by 1 ft. saves a strip of floor 1 ft. wide and increases the excavation 
by only a small amount. Increasing the width of the toe by 1 ft. saves nothing 
and could appreciably increase the excavation. The combination that gives the 
minimum combined cost of (wall + floor + excavation) is therefore generally 
closer to the left-hand side of Fig. 9.3 than the dimensions giving the minimum width 
of base. Instead of a toe-to-tail ratio of 1:2 the best combined answer is generally 
a ratio of 1:3 to 1:4, the increased width of base being more than offset by savings 
in the floor and excavation. 


Expansion Joints 


The spacing of expansion joints in a straight cantilevered slab wall depends on 
the following factors: 


. The type of cement used. 

. The speed at which the wall is built. 

. The efficiency of the curing during the early life of the concrete. 
. The change of moisture content in the concrete. 

. The range of temperature in the wall. 


op on 


With slow-hardening cement, rapid construction and efficient curing, the wall 
of a covered-in reservoir banked round with earth and built in a damp, equable 
climate does not require expansion joints at less than 100-ft. centres. Some 
engineers, under such favourable conditions would not provide any joints at all. 
With the use of a rapid-hardening cement that makes a hard brittle concrete, slow 
construction causing long time intervals between the concreting of adjoining sections 
of the wall, and no curing, for the wall of an open reservoir unprotected by banking 
and built in a country with an extreme range of climatic conditions, a spacing 
of not more than 30 ft. would be wise. 

With average construction in this country spacings of 50 ft. to 100 ft. are usual. 
The types of joint shown in Figs. 16.8 and 22.6 may be used. 


CHAPTER TEN 


CHANNELS WITH SLOPING BOTTOMS 


Lone channels of the type shown in Fig. 10.1 are sometimes required in sewage 
works, often in multiple sets of a dozen or so channels side by side. The channels 
normally run full, but they must be designed for the condition where one channel 
is full and the adjoining ones empty. 

If the sloping bottoms are excavated into really hard ground, the conditions 
at the base of the vertical wall AB are closely similar to those at the base of a par- 
tition wall in a tank with a flat floor, the cantilever moment being shared equally 
between the floor sections on each side of the wall. If the ground is really soft or 


A 


l2"x 12” Piles 
pair ev. 7’-O" centres 


Fig. 10.1. 


if the channels are above ground they may be supported at points D and CG on mass 
concrete walls or piles, the horizontal components of the thrusts in the sloping 
bottoms being taken by ties at intervals. 

If the centre-lines of the members in Fig. 10.1 are drawn, the height of the 
vertical wall is about 8-5 ft. and the sloping bottoms are each 11°3 ft. long (F7g. 10.2). 
Assuming the channels hold sewage weighing 65 Ib. per cu. ft., the fluid pressure 
at the base of the wall is 65 x 8-5 = 553 lb. per sq. ft. The pressure on the sloping 
bottom varies from 553 Ib. per sq. ft. to 65 x 16:5 = 1,073 lb. per sq. ft. The 
primary fixed-ended moments due to the fluid pressure are 


05 ee 


7 — 6,660 lb.-ft. 


1 


102 - RESERVOIRS AND TANKS 


2Q2 A 
M, = 4/003 A EES 5 egze x 11a) — — 48,100 Ib-ft. 
12 


M,=-— Sos 13S (4 X 520 X 11-3) X He —9g,210 lb.-ft. 
12 10 
All these moments are per foot run of channel. To the two latter figures moments 
must be added due to the component of the self-weights of the bottom which, from 
the figures already worked out, will have to resist a moment of about 10,000 lb.-ft. 
Working to a resistance moment of 60bd?, the bottom will have to be about 14 in. 


in thickness and the additional moments will be about 


. -Q2 
M, =, = 4. ee sone 
12 
+Q2 
DN oe = — 1,280 lb.-ft. 
2 


The displacement of the frame may be considered in two stages. Firstly, a rotation 
of 6, of joint B and of 0, of joint D; by symmetry, joint C does not rotate. This 
is shown in Fig. 10.2. Secondly, an increase of 2x in the distance CD due to the 
stretching of the tie. This produces a vertical fall at point B, the deflection of 
B below C and D being A where A = x/sin a, as shown in Fig. 10.3. 

Tabulating the values of the moments: 


M, M, M, | M, 


All joints fixed -+9,380 ine 1,280 + 1,280 — 10,490 
Due to 6, 4EK6, 4EK6, 2EK6, 2EK6, 
39 ” 05 a 2EK6, ie 4E KO, = Tee 

py A A A 
» » A —6EK> 6EKF 6EK> —6EKy 


M, + M, + M, = 0. 
—6,660 + 9,380 + 4EK0, — 6EKS — 1,280 + 4EK6, + 2EK0, + 6EKS = 0. 
8EK6, + 2EK6, = —1,440. 


The value of 6, may be very small if the support is a continuous wall. Taking 


a normal continuous die-away coefficient it may be assumed that 0, = —0-330,, 
giving 
1,440 
EK6, = — —* = — 1097. 
; 7°33 : 


It may appear that A is primarily an unknown but if it is decided to provide a tie 
working to a definite stress a definite value for A is known. If a tie working to 
exactly 200 Ib. per sq. in. is provided and E is taken as 3,000,000 lb. per sq. in., 


200 
2x = ——____ X 16 ft. 
3,000,000 


x 100 16 754 


A — = Be = = : 
sin@® 3,000,000 sin 45 deg. 1,000,000 
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Ki ami x ? where J is the thickness of the sloping floor and 
12 


L=11'3 ft. Taking T as 1-17 ft, 


Tie 
12 


K= 


I c a 
x —— & 0:0118 foot units. 
113 


6EKS in foot units = 6 xX (3,000,000 x 144) X o-o118 x eae x =a 
= 2,040 lb.-ft. 


A 


Fig. 10.3. 
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A 
Final M, = +9,380 + 4EK0, ~ 6EK; 


= +9,380 — 790 — 2,040 = + 6,550 lb.-ft. 
Final M, = —1,280 + 3°33EK6, + 6EKS 
= —1,280 — 656 + 2,040 = +104 lb.-ft. 
Final M, = +1,280 + 0-67EK6, + 6E : 
= +1,280 — 132 + 25040 =. +-3,188 lb.-ft. 
Final M, = —10,290 +- 2EK6, — 6EK> 
= —10,490 — 394 — 2,040 = —12,924 lb.-ft. 
Tabulating the shears, 


F, F, ae F, 
All fixed rye | —678 - +678 5.858 
Te tone, 6EKS . 6EKo 6EKo 6E 2 
» 99 Og _— 6EKe | 6E _ = 
pay AN —12EK Fs 12EK Ss 12EK 5 —12EKF, 
R= 3 X 65? = —1,375 Ib. 


The primary fixed-ended value of 


F= + (53 x 3) + A¢; X 520 X 113) + (20 x 3) 
= 3,120 + 880 + 678 = 4,678 lb. 
F, = —678 lb. Fy = +678 lb. 
F, = —3,120 — 2,060 — 678 = — 5,858 lb. 
0 —~197 
6EK—+ =6 —-—=) = — lb. 
ZL Xx ( 2) 104 lb 
A 2 A 2 
EK— = — x 6EK— = — Se : 
EN 7 x tes X 2,040 = 361 Ib 


The final shears are as follows: 
F, = 4,678 — 104 — 361 = +4,213 lb. 
F, = — 678 — 69 + 361 = —386 lb. 
F, = + 678 — 69 + 361 = +970 lb. 
FP, = — 5,858 — 104 — 361 = —6,323 lb. 
The direct thrusts and shears on joint B are shown in Fig. 10.4. 
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I = weight of wall, say 8-5 x 100 = 850 lb. 
Resolving vertically: 

T, cos 45 deg. + T, cos 45 deg. = Ty + F, cos 45 deg. — F, cos 45 deg. 

T, + T, = 5,799 |b. 

Resolving horizontally: 

T, cos 45 deg. — T, cos 45 deg. = —F, + F, cos 45 deg. + F, cos 45 deg. 

IT, — T, = 1,882 Ib. T, = 1,959 lb. and T, = 3,840 Ib. 


To 


Fig. 10.4. 
The total vertical reaction on the support at C is 27, cos 45 deg. — 2F, cos 45 deg. 
= 2,750 + 8,950 = 11,700 lb. 
When all the channels are full this increases to 17,690 lb. per foot run of channel. 


The tension in the tie may be taken as T,/ V2, or 3,840 = 2,720 lb. per foot run 
1414 


of channel. 

If the ties are placed at 7-ft. centres, each takes 7 X 2,720 = 19,000 Ib. At 
200 lb. per sq. in., a sectional area of 95 sq. in. is required, or say, 7 in. by 14 in. 
Free moment on span BC is very nearly 


move 
(553 + 120) x 3 = 10,720 lb.-ft. 


ate 2,940 X — =a 4,160 9299 


14,880 lb.-ft. 


The moments in AB, BC and BD are as shown in Fig. 10.5. These moments are 
based on the assumption that there will be rotation of joint D and that stretching 
of the ties occurs. 

If the ground turns out to be harder than has been assumed, there may be very 
little rotation at D and very little tension in the ties. The case where rotation 
and tension occurs has been dealt with. The moments under the three further 
conditions must also be checked. 


2. Rotation at D but with no tension in the tie (retain 6,, but write A = 0). 
3. No rotation at D but with tension in the tie (retain A, but write 0, = 0). 
4. No rotation at D and no tension in the tie (write 0, = 0 and A = 0). 


In cases such as this the passive resistance of the earth may take up all the 
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horizontal component of 7. In the foregoing example the effect of the stretching 
of the tie appears as a separate item in the calculation of the bending moments as 


+ OEK-. With a tensile stress of 200 lb. per sq. in. in the ties, the induced moments 


are -+2,040 lb.-ft. If the tensile stress in the tie is restricted to 100 Ibugper sq. ine, 


A 


Fig. 10.5. 


the induced moments fall to +1,020 lb.-ft. If the passive earth pressure takes all 
unbalanced horizontal thrust they fall to zero. This would give 

M,, = +8,590 lb.-ft. MM, =—1,936 lb.-ft. 

M, = +1,148 lb.-ft. M4, = —10,884 lb.-ft. 
The reader is left to draw the moment diagrams for the three other combinations 
of conditions. 

If the channel is supported at intervals it may be carried on a beam (each channel 
when full of water weighs about 8 tons per foot), or the two sloping sides may be 
made to carry 0:707 times the total weight, but in this case the stresses due to this 
longitudinal bending must be added to those caused by the cross bending, which 
have already been calculated. If each sloping side acts as a girder 14 in. thick 


and 150 in. deep overall and carries 12,700 lb. per ft. over a span of 7 ft., the reversed 
moment is 


12 : 
12,700- 9" a ae 623,000 lb.-in. 


623,000 Xx 6 
14 X 150? 
The two channels on the extreme flanks of the set of channels will require special 
treatment such as carrying the vertical wall down to a separate line of foundations. 


The stresses in the concrete are about + == -+12 lb. per sq. in. only: 


CHAPTER ELEVEN 


CANTILEVERED COUNTERFORT WALLS 


THE complications introduced by the use of counterforts are of the type that cannot 
usually be divided into a number of simple independent problems to be solved separ- 
ately. It may be necessary to prepare a preliminary design of the wall as a whole 
and to study this before the designer can see exactly what problems are involved 
and how best they may be solved. This method is followed later in this chapter. 
First, however, a design will be commenced which eventually turns out to be un- 
workable, as this best illustrates some of the difficulties which may be encountered. 
Only by preparing a number of preliminary designs and estimates can the best 
solution be found for any particular case. 


General Design 


Many early counterforts were of the type in Fig. 11.14, where the wall slab 
and base slab both span from counterfort to counterfort. When a projecting toe 


wall 
slab 


counterfort counterfort 


Base slab 


Base slab 


(a) | (b) 


counterfort 


Base slab 
(c) 


Fig. 11.1. 
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was required to reduce the bearing pressure on the ground or to stabilize the wall 
against earth pressure this arrangement was modified by adding a beam at the 
back of the tail (Fig. 11.1), the base slab then spanning from beam to wall instead 
of from counterfort to counterfort. Occasionally a second counterfort was added 
in front of the wall, as in Fig. 11.1c, with the base slab on both sides of the wall 
spanning from counterfort to counterfort, but this arrangement was unusual except 
for division walls. The reinforcement in the counterfort was designed for a stress 
of 16,000 Ib. per sq. in. and no attempt was made to calculate the tensile stresses 
in the concrete due to bending moments. If the recommendations given in 
CP.2007:1960 are to be iaken seriously then the stress in the steel in an internal 
counterfort must be kept below 12,000 lb. per sq. in. and the tensile stress in the 
concrete below about 300 Ib. per sq. in. Provdide that the bars are well anchored 
there can be no question of structural failure and there is no question of leakage 
through the counterfort. The sole reason for limiting the tensile stress in the con- 
crete must therefore be to prevent cracking, which might lead to rusting of the 


=s 
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2 
wall slab 
: : ; : eects 
M 
es 


>| B Be tension 


Fig. 11.2. 


steel. In the writer’s experience such deterioration is due firstly to poor, over- 
crowded bar arrangements, making it impossible for the concrete to penetrate 
between the bars; secondly to the use of harsh, dry mixes leading to honeycombing 
on the ‘ blind’ side of the bars; and thirdly, and most frequently, to the failure to 
specify and provide proper bar spacers to maintain the specified cover. The writer 
has some sympathy with the reduction of the working stress in the steel from 16,000 
to 13,500 lb. per sq. in., provided the laps are not shortened pro-rata, but if there is 
no evidence of deterioration of internal counterforts due to high calculated tensile 
stresses in the concrete there seems no point in taking precautions against a risk 
that does not exist. 

A horizontal plan-section through a counterfort, subjected to a moment M is 
shown in Fig. 11.2, with the position of the neutral axis close to the wall slab. Ignor- 
ing the reinforcement, a moment applied to this section will produce a tensile 
stress in the counterfort some two or three times as large as the compression stress 
in the wall slab. 

Accepting the outlook adopted in CP.2007:1960, that the tensile stress in the 
concrete should not exceed 300 lb. per sq. in., although the compressive stress may 
be 1,200 lb. per sq. in. a natural arrangement from the theoretical point of view 
is to use a counterfort such as that shown in Fig. 11.3, with the wall slab in tension 
and the counterfort in compression. The most frequent location of leaks is through 
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the horizontal construction joints in the wall slab and this type of counterfort causes 


tension across these joints. The construction of the counterfort below the base 


W.L. 


counterfort — 


base slab 


Fig. 11.3. 


slab, although not as difficult as it may appear at first sight, is sufficiently com- 
plicated to rule out this form of construction in most cases. 
Counterforts of special shapes are discussed later. 


Wall Slab 


Whatever the shape or spacing of the counterforts it is standard practice to 
span the wall slab from counterfort to counterfort without introducing any hori- 
zontal beams. The use of segmental arches or slabs having splayed sections is 
discussed in Chapters 14 and 15. In the following a straight slab without splays 
spanning horizontally from counterfort to counterfort is assumed. 

The thickness of the wall slab normally increases from top to bottom and the 
minimum thickness at any depth is found as follows. Ifh (feet) is the depth below 
the surface at any point and L (feet) is the spacing of the counterforts, the reversed 
moment is ;;whL? lb.-ft. per foot height where w (pounds) is the weight per cu. ft. 
of liquid inside the reservoir. 

Working to a resistance moment of 606d? |b.-in. and taking w as 62°5 Ib. per 
cu. ft., 60 x 12 X d? = =,whL? lb.-in. Minimum d = 0:295LV Ah inches. 

Since LZ does not vary from top to bottom of any given wall, the minimum value 
of d varies as /h, This is a convex curve and cannot always be covered by a straight 
line drawn from a thickness of 6 in. at the top to the maximum value at the base. 

For example if Z = 15 ft. for a wall go ft. in height, d at a depth of 10 ft. 
== 0'295V 10 = 13:98 in. At depths of 5 ft., 15 ft., 20 ft., 25 ft. and 30 ft., the 
ininimum values for d are 9°86 in., 17-1 in., 19°8 in., 22-1 in. and 24-2 in. Plotting 
these (to unequal scales) in Fig. 11.4, it will be seen that a uniform taper from g in. 
to 25 in. will provide the required thickness at all depths whereas a uniform taper 
from 6 in. to 25 in. will not. If, therefore, a slab is required to span 15 ft. for a wall 
30 ft. in height and designed for a resistance moment of 60bd?, it must be g in. 
in thickness at a point 6 in. above water level and 25 in. at the base (see Fig. 11.4). 
(This neglects secondary effects which are discussed later.) 
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The thickness thus increases 16 in. in a height of 30 ft. 6 in. At a depth of 
15 ft. below water level the thickness of the wall is 17°14 in. 


9 u" 


aheys 


Fig. 11.4. 


Reversed M = =}; X 15 X 62:5 X 15% X 12 = 211,000 |b.-in. per foot of height. 


Minimum d = __ /211:000 _ 17°14 in. 
60 X 12 
Taking the effective depth d, as 15°14 in., 
211,000 ‘ 
AL meee il lala ata 


12,000 X 0°865 X 15°14 

The moment at midspan is only ;{;wL? and at this point the steel stress may be 
18,000 lb. per sq. in., so that the amount of steel required to resist the positive 
moment will be about 0-33 times that for the reversed moment, or 0-45 sq. in. 

If reinforcement is provided equal to 0:15 per cent. of the section, the area 
required is 

ee rake 17°14, =O tesqe in. 
100 

If the wall is later to be banked with earth which exerts a pressure of 20 lb. 

per sq. ft. per foot of depth, the reversed moment at a depth of 15 ft. will be 
vs X 15 X 20 X 15? X 12 = 67,500 |b.-in. 
67,500 

18,000 X 0-9 X 15°14 

Since the moment due to earth pressure does not function unless the tank is 
empty, the area of steel required to resist the positive earth moment will be one- 
half of this amount, or 0:138 sq. in. All these values are shown in the upper part 
of Fig. 11.5. 

Calculating areas of main reinforcement required at depths of 5 ft., 10 ft., 20 ft., 
25 ft. and 30 ft., the values shown in Fig. 11.6 are obtained. A proposed arrange- 
ment for the steel in the wall slab is shown in the lower part of Fig. 11.5 and at 
the right-hand side of Fig. 11.6. The longer bars b lap at each counterfort. Between 


Ay = = 0276 sq. in. 
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are two short bars a, giving four bars in three spacings at the counterforts. The 
spacings are shown in Fig. 11.6. At the bottom of the wall the spacing is 4 in. 
or four j-in. diam. bars in three spacings of 4 in. = 1-76 sq. in. per foot of height. 
At a depth of 15 ft. the spacing is 5 in. or four 3-in. diam. bars in 1 5 in., equal to 


15’—-o" 
1:34 sq.in. 1-38 sq.in. " 1:34sq.in. 
counterfort = | 15% oe , L Senay 


17-14” at 15-O" depth 


; 0-45sq.in. : 
O:276 sq.in. - (015% 31) 0:276sq,in. 
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res ee \'-6" 3/-6" 
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L=33’-3"] two bays 
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Fig. 11.6. 


I-41 sq. in. per foot of height near the water face at the counterfort. Halfway 
between the counterforts near the water face, one bar 5 is provided per 15 in. or 
0°353 sq. in. per foot of height. ‘The bars near the earth face are 3-in. diam. bars 


at the same ‘ spacing’ as the bars near the water face, that is 3-in. diam. bars at 
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5-in. centres, or 0°74 sq. in. per foot of height. In a short wall, well protected 
from changes of temperature these bars could be }-in. in diameter. 

The vertical distribution steel may be arranged in two flights of about 16 ft. 6 in. 
The bottom half of the wall varies in thickness from 17 in. to 25 in., the average 
being 21 in. The net width of slab between counterforts is about 13 ft.3in. Taking 
0°3 per cent. of 21 in. by 13 ft. 3 in. gives 10 sq. in. Using twenty-two 3-in. diam. 
bars, the area provided is 9:7 sq. in. The average thickness of the top half of 
the wall is 13 in. Taking 0-3 per cent. of 13 in. by 1g ft. 3 in. gives 6.2 sq. in. 
Using twenty-two §-in. diam. bars gives 6°74 sq. in. : Es 

From Figs. 11.5 and 11.6 the weight of reinforcement in one 15-ft. wide panel 
of wall slab can be determined. This consists of 46 bars of type a, 23 bars of type ), 
69 half-bars c, twenty-two 3-in. diam. vertical bars 16 ft. 6 in. in length, twenty- 
two 8-in. diam. vertical bars, 16 ft. 3 in. long, and twenty-two }-in. diam. hairpins 
at the top of the wall 5 ft. in length, giving a total of 33-3 cwt. ‘Taking the counter- 
forts as 21 in. in thickness (see later) the concrete in one net panel is 13 ft. 3 in. 
wide, 30 ft. 6 in. high and g in. to 25 in. in thickness, or 21-2 cu. yd. per 15-ft. 
wide panel. 

The load carried by each counterfort varies directly as the spacing. If the 
spacing of the counterforts is doubled then they must be made twice as thick and 
will need twice as much reinforcement, so that the cost of the concrete and steel in 
the counterforts per foot run of wall is constant and independent of their spacing. 
This also applies to the shuttering up the front and back edges of the counterforts. 
The only variable factor, as far as the counterforts themselves are concerned, is 
the shuttering to their cheeks. With a triangular counterfort 18 ft. wide at the 
base, this amounts to 0-5 x 18 X 36:5, or, say, 30 sq. yd. per face. If the spacing 
is reduced from 15 ft. to 7 ft. 6 in., then each counterfort will be only half as thick 
and contain half as much steel, but there will be two counterforts per 15 ft. of wall 
and an increase of 60 sq. yd. of shuttering. 

Repeating the calculations for spacings of 10 ft. and 7 ft. 6 in., the quantities 
can be calculated per 15-ft. run of wall. 

Assume that the relative unit costs are are follows: 

Concrete per cu. yd.: 4 units 

Mild steel rods per cwt.: 3 units 
Shuttering per sq. yd.: 1 unit 

Hand excavation per cu. yd.: 1 unit. 

The relative costs of the counterforts and wall slab per 15-ft. run of wall (in- 
cluding only the variable factors) are then as follows: 


15-ft. Spacing—Concrete: 21-2 cu. yd. xX 4= 84:8 


Steel: 33°3 cwt. X 3 = 99°9 

Shuttering: 60 sq. yd. x 1 = 60-0 

Total: 2447 

ro-ft. Spacing—Concrete: 15 cu. yd. X 4 = 60-0 

Steel: 22-6 cwt. X3 — OFC 

Shuttering: go sq. yd. X I = go0-0 

Total = O16 
7ft. 6-in. Spacing—Concrete: 11-2 cu. yd. X 4= 448 
Steel: 19-4 cwt. X 3 = 58-2 


Shuttering: 120 sq. yd. X 1 = 120-0 
Total = 29-6 
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These figures do not represent the whole story, as the base slab and the back beam 
(if any) have not been included. Assuming that the base slab is designed to span 
from wall to back beam in all cases, then its cost per foot run of wall is constant. 
The cost of the back beam increases with the spacing of the counterforts, and if 
this is added to the foregoing figures, the 15-ft. counterfort spacing will be the most 
expensive and the 7-ft. 6-in. spacing the cheapest. 

These figures are based on certain assumed working stresses, certain assumed 
unit costs and a certain size of counterfort. Varying the working stresses, the 
relative unit costs or the size of the counterfort will produce a different answer. 
The reader must be prepared to run out and price alternative schemes. 


General Proportions 


The total width of base must be similar to that needed for a cantilevered slab 
wall. The correct proportion of the base that should project in front of the face 
of the wall to form a toe and the correct spacing of the counterforts are problems 
that may be complicated by secondary effects. 

Instead of devoting time and space to a general discussion of these matters, 
a particular wall with a simple triangular counterfort will be considered, suitable 
proportions and spacings assumed, a preliminary design completed (ignoring 
secondary effects), and any modifications necessary will then be discussed. 

Before becoming involved in the arithmetical calculation for any actual wall 
a close approximate picture of the actions of the primary loads and moments can 
be obtained by studying a thin, weightless, theoretical wall of similar proportions. 
For a cantilevered-slab wall the minimum width of base is 0-863 times the height, 
one-third of this base projecting in front of the wall! face to form a toe (see Figs. 9.2 
and 9.3). ‘Taking these same proportions for a counterfort wall, the theoretical 
wall shown on the left-hand side of Fig. 11.7 is obtained. With a thin weightless 
wall of these proportions the resultant passes exactly through the middle-third point 
of the base and the maximum pressure on the ground is 1°33 wH. The base slab 
cantilevers a distance of 0-288H in front of the wall and then spans 0:575H from 
the wall to the back beam, being freely supported by a downward reaction Rp 
supplied by the wall slab and an upward reaction Rg supplied by the back beam, 
which spans from counterfort to counterfort. 

A wall 30 ft. in height with counterforts spaced at 15-ft. centres and with the 
general proportions shown in Fig. 11.7 will be considered. As with the cantilevered 
slab wall the effective height of a practical wall is measured from water level to the 
underside of the base slab and not the net depth of water (see Fig. 9.1). The moment 
in the base slab is 0-052wH® (Fig. 11.7). If H = 30 ft., M = 0-052 X 62°5 X 30? 
or 87,700 lb.-ft. per foot run. This causes tension on the underside of the slab. 
With a resistance moment of 2506d,?, d, = a Sioa 

12 X 250 
The thickness of the base slab will therefore be about 2 ft. and the effective height 
of the wall about 32 ft. 

Overall width of base = 0-863H, say 0-863 x 32 or 27:6 ft. For a preliminary 
design the base can be made 27 ft. wide, with g ft. projecting in front of the centre- 
line of the wall and 18 ft. behind (see Fig. 11.8). 

The section modulus of a T-beam of average proportions as shown in Fig. 11.2 
is about 0:25BD? for tensile stresses. For the theoretical wall in Fig. 11.7 the value 


= 10°75 in, 
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of D for Section Y—Y is 0-498H The moment on Section Y—Y is 0:167wH?L, where 
L is the spacing of the counterforts. 

If this T-section is stressed to 300 x 144 lb. per sq. ft., 

0:167wH3L = say 0:25B x (0-498H)? X 300 X 144 or B = nee 
i = 1.010 

If w = 62:5 and H = 30, B=o-r17L. 

ie — 15 ft then B = o'1t7) x 15 = 1°75 fi. oF-21 in. 

All these values are preliminary theoretical figures and will be modified in 
practice by the thickness and weight of the members but they are sufficiently accurate 
for a preliminary design. 

A design has already been prepared for the wall slab, which varies from 9g in. 
at the top to 25 in. at the bottom (Figs. 11.4, 11.5 and 11.6). 

In the right-hand half of Fig. 11.7 this theoretical wall is shown subjected to 
an external earth pressure when empty and here a difficulty arises. In a normal 
earth-retaining wall the intensity of pressure on the foundation is greatest on the 
side further from the earth and the wall tends to move away from the earth pressure. 
With a wall of the proportions shown in Fig. 11.7 the greatest pressure on the foun- 
dation is on the same side as the earth, the wall leaning towards the earth pressure 
and thus tending to turn the normal small active earth pressure into a larger passive 
counter-pressure. ‘The extent to which this develops depends on the relative 
vertical compressibility of the foundation (the factor C,) and the horizontal com- 
pressibility of the filling. Little is as yet known about the former and practically 
nothing about the latter, so the answer is largely a matter of guesswork. 

In Fig. 11.7 the earth pressure has been assumed to be just sufficient to keep 
the resultant on the middle-third point, since this is the condition of the wall when 
the reservoir is full and no banking has been placed. The banking would, most 
likely, be placed when the reservoir is full as that is the normal condition of most 
reservoirs. 

To produce this result with a wall of these proportions a lateral pressure of 
0°24Q9wz is necessary, where wz is the unit weight of the earth banking. Ifwy, = 100 
Ib. per cu. ft., the pressure is 24:9 lb. per sq. ft. per foot of depth. 

Again assuming that a back beam is provided and that all the loading on the 
base slab is carried by a slab spanning front-to-back, the loading, moments and 
reactions shown in the lower right-hand part of Fig. 11.7 are obtained. 

The value of k of 0-249 is merely an abstract figure to stabilize the theoretical 
wall. The weight and thickness of the members of an actual wall will modify 
this value. 


Stability of Actual Wall 


In Fig. 11.8 the loading on the actual wall (per foot run) when subject to water 
pressure is shown. In this figure 34,200 lb. is the gross weight of the water and 
1,780 and 2,620 lb. are the submerged weights of the concrete. Counterforts 1 ft. 
g in. in thickness at 15-ft. centres have been allowed for and the small weight of 
the back beam has been omitted. 

Taking moments about point X, the loading on the ground is as shown in Fig. 


. 28,100 
11.8. The shear on the ground immediately below the base is a == 71,040 Ib, 


per sq. ft. 
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The net loading on the base slab is as shown in Fig. 11.9. Allowing for the self- 
weight of the base slab and the weight of water standing over the tail the loading 
varies from (3,560 — 300) to {140 — [300 + (30 x 62°5)]} or from 3,260 to —2,035 
Ib. per sq. ft. The slab is held down by a reaction Rp and is supported by a reaction 
Rp from the back beam. Assuming the width of this beam is 2 ft., the slab canti- 
levers 9 ft., spans 17 ft. and then cantilevers 1 ft. 

Taking moments about Rr gives Rg = 19,100 Ib. 

The moment on the 9-ft. cantilever is 24,200 X 4°82 = 116,500 lb.-ft. 

The load on the 1-ft. cantilever is about 2,000 lb., and the moment is about 
2,000 X 0°5 = 1,000 lb.-ft. 

The load standing over the 17-ft. span is 14,400 lb., and the free moment caused 
by this load is about $ X 14,400 X 17 = 30,600 Ib.-ft. 

Drawing the broken line from the moment of 116,500 lb.-ft. at Rp (tension on 
underside) to the moment of 1,000 Ib.-ft. at Rg (tension on upper side) and drawing 
a parabola 30,600 lb.-ft. high on this line the complete bending-moment diagram 
for the base slab is obtained as shown in Fig. 11.9. This diagram is sufficiently 


Rp =26,900 lb. 
2,035 Ib. 
0 per sq, ft. 
3,260 Ib, Rg=19,100 Ib, 
per sq.ft. 


30,600 Ib-ft. 


Fig. 11.9. 


accurate for a preliminary design. For a final design the intermediate moments 
must be calculated. 

Assuming that the reservoir is banked round with earth after being filled and 
tested, and assuming that the earth weighs 100 Ib. per cu. ft. and that it exerts a 
pressure of 20 lb. per sq. ft. per foot of depth, the loading per foot run of wall when 
the reservoir is empty is as shown in Fig. 11.10. When the self-weight of the wall 
is included the resultant passes inside the middle-third point and there is no need 
for any counter-pressure to develop. Taking moments about point X the pressures 
on the ground may be obtained. These give the net loading on the base slab 
shown in the upper part of Fig. 11.11 and the moment diagram shown in the lower 


part of the same figure. 
Base Slab 


The maximum moment is 116,500 lb.-ft. (see Fig. 11.9) causing tension on the 
underside. With a resistance moment of 250bd,?. 
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= 116,500 X 12 x< ie: aa : 
ae ac = 21°6 in.; say 24 in. deep overall (as already estimated). 


€ 116,500 X 12 ; rae : : 
ae = 4°07 sq. in.; say t4-in. diam. bars at 34-in. centres, 


~ 18,000 X 0865 x 22 
(4°21 sq. in.). 


A, 


2,784 Ib. 
per sq.ft. 


Fig. 11.10. 
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Fig. rx.11. 


The maximum moment causing tension on the water face is 50,000 lb.-ft. (see 
Fig. 11.11). Ifitis assumed that the reservoir, when empty, is not a ‘ water-contain- 


ing’ structure no difficulty arises. If, however, this slab has to be designed for a 
resistance-moment value of 60bd? then minimum d = qi . == 28-9 in., 
ox 12 


and the thickness would have to be increased. Taking the view that this is not 


oO . 
heel eheled = 1°69 sq. in.; say 1}-in. diam. bars at 7-in. 
18,000 X O09 X 22 


necessary A,,; = 
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centres (1°70 sq. in.). This is cutting the design rather fine and in the detail in 
Fig. 11.12, 1}-in. diam. bars at 7-1n. centres are shown. ie 
If o-15 per cent. of distribution bars are provided, the area required is 


oH ere x 24 = 0°432 sq. in.; say Z-in. bars at 12-in. centres near both faces. 
100 


However much steel is provided in the front-to-back direction, the base slab must 
also tend to span from counterfort to counterfort and in the detail in Fig. 11.12 
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Fig. 11.12. 


the distributors are lapped so as to double the area of steel under each counterfort. 
Assuming an effective value of H of 32 ft., the moments in Figs. 11.9 and 11.11 
can be checked against the values in Fig. 11.7. 
0:052wH? = 0-052 X 62:5 X 32% = 106,800 lb.-ft., against 116,500 lb.-ft. 
0:0208wzH* = 0:0208 X 100 X 32° = 68,200 Ib.-ft. 
But this is for a value of k = 0-249. For k = 0-20 the expected value would be 
about 54,800 lb.-ft., as against 50,000 lb.-ft. 
The suspension reaction of 0-072wgH* in Fig. 11.7 is 0:072 X 100 X 322 = 7,400 


Ib. (k = 0-249). In Fig. 11.11 this has turned into a downward reaction of 80 lb. 
(when k = 0:20). 


Back Beam 


The load carried by the back beam is 19,100 lb. per foot run (Fig. 11.9) and 
the beam spans 15 ft. from counterfort to counterfort. 


Reversed M = 5’; X 19,100 X 157 X 12 = 4,300,000 lb.-in. 
Shear = 19,100 X 7°5 = 143,000 lb. 


If the beam is 24 in. wide at the bottom by 48 in. deep overall the reversed 
moment comes on an inverted L-section. With a resistance moment of 60bd2, 


4,300,000 


o = bax ase 


= 31 in. only. 
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The lever arm will be about 0-865 x 44 or 38 in. 


The total sh tress is —49000 _ Ib. eau 
ear stress is ane 157 lb. per sq. in 
Ag for reversed M = —4:300:000 __ “Ain. 
i verse oon ase O45 S918 
Bee tive MM — _22150:000 __ g. = 
st for positive eee 3°14 sq. in 


In such a deep beam, which is deeper than one-quarter of the span, the writer 
would not hesitate to stress the shear steel to 18,000 lb. per sq. in. Using pairs 


Yan Links 
in pairs 
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Fig. 11.13. 


of 3-in. diam. links with a minimum clear distance of 2 in. between pairs a spacing 
4 X Ol X 38 X 18,000 
2/3 


This leaves a deficit of 143,000 — 109,200 = 33,800 lb. To cover this, instead of 
the foregoing arrangement, pairs of 4-in. diam. links at 3#-in. centres or 3-in. diam. 
links in sets of three at 3}-in. centres could be used; (neither of these arrangements 
is very attractive), or additional bent-down bars can be provided to take the balance 
of 33,800 lb. With bars stressed to 12,000 lb. per sq. in. and inclined at 45 deg., 


800 x V2 


12,000 


= 109,200 lb. 


of 23 in. is obtained, giving a shear strength of ~— 


pr area, of S22 = 3°99 sq. in. is needed; say four 1}-in. diam. bars. 

A preliminary design for this beam is shown in Fig. 11.13. The arrangement 
would be improved by providing four 1}-in. diam. bars in the top and four 1-in. 
diam. bars in the bottom and welding non into long continuous lengths, adding 
4 short bars at each counterfort. 

When the reservoir is empty the earth pressure imposes an upward load of 
7,920 lb. per foot on this beam (Fig. 11.11). 

Reversed M = 4 X 7,920 X 15? X 12 = 1,780,000 lb.-in. 


oe 2°61 sq. in. 


18,000 x 38 


Ay = 
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Counterforts 


A preliminary design for the counterforts, which are spaced at 15-ft. centres, 
is shown in Fig. 11.14, with details in Figs. 11.16 and 11.17. 


Taking a horizontal section 15 ft. below the water level, the stability of the part 
above this section is as shown in Fig. 11.15. 


el—lep——= 


Steel arca 
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usually 
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Fig. 11.14. 


Water pressure = $ X 62°5 X 152 X 15 = 105,000 lb. This is resisted by com- 


Bee in the wall slab, shear on the horizontal section and tension in the back 
steel. 


Taking moments about the centre of compression, 


IX 7°75 ft. = 105;500 sami 
T = 6800001 
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Ata stress of 12,000 Ib. per sq. in., 5°68 sq. in. of reinforcement is required. 
Resolving horizontally, F = 105,500 — T cos 0 
= 105,500 — 34,900 = 70,600 lb. 


The compression in the wall slab C (by taking moments about the point where F 


105,500 X 50 


and T intersect) is 
g°0 


= 58,500 lb. 


fio check the tension in the concrete consider the section Z-Z in Fig. 11.15. 
From Fig. 11.2 the section modulus for tension is about 0-25BD2, where D is 102 in. 


M = 105,500 X 60 = 633,000 lb.-in. 


Wie 


15'-O” 5 
105,000 bb. 
5'-O" 

7 ee 


Fig. 11.15. 


633,000 


eS Bein, 
300 X 0°25 X 102? 


At a stress of 300 lb. per sq. in., minimum B = 
The counterfort will normally be the same thickness all the way up (see later). 
Repeating the process for the section at a depth of go ft; 

Water pressure = 4 X 62°5 X 30% X 15 = 422,000 lb. 

ZT X 15°0 ft. = 422,000 X 10-0 ft. 

7 — 251,000 1b, 


The theoretical wall in Fig. 11-7 gives 

T = 0:332wH?L = 0-332 X 62°5 X 30? X 15 = 280,000 Ib. 
At 12,000 lb. per sq. in., this needs 23-4 sq. in. of steel. The value of D on Section 
Y-Y is 195 in. Thus, minimum B = ene = 17°75 in. 


This is smaller than the preliminary estimate. The difference is due to the fact 
that the theoretical wall slab has no thickness. In practice the thickness at the 
base of the wall is 25 in. which increases the theoretical value of D on Section Y-Y 
in Fig. 11.7 from 0-498 X 30:0 X 12 = 180 in. to 195 in. 
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In the actual detail in Fig. 11.16 the counterfort is made 22 in. in thickness to give 
clearance between the main bars. 


F at depth of go ft. = 422,000 — T cos 6 
= 422,000 — (281,000 X 0:513) = 278,000 Ib. 


The horizontal section at the base of the counterfort is 22in. in width and about 
19 ft. deep. Treating it as a rectangular beam section with an effective depth of 
18 ft. the lever-arm will be about 0-865 x 18 X 12 = 187 in. 


ae 


= 67-5 lb. per sq. in. 
22 X 187 7S Ber oa 


Shearing stress = 


length varies 
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ee 
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Fig. 11.16. 


Repeating these calculations at depths of 5 ft., 1o ft., 20 ft. and 25 ft., the curve 
shown in Fig. 11.14, which indicates the area of main steel required at all depths, 
is obtained. 

For a small wall the bottom ends of the main bars may be anchored by taking them 
in a long loop down to the bottom of the back beam and back again up into the 
counterfort, but for larger walls it is better to provide some kind of positive anchor 
plate, as shown in Fig, 11.17. 

Sufficient horizontal steel must be supplied to prevent the wall slab tearing 
away from the counterfort. Neglecting secondary effects the maximum pressure 
per foot height of the wall is 30 x 62°5 xX 15 = 28,100 lb. Part of this comes 
directly on the back of the counterfort and only 30 x 62:5 x (15 — 1°83) or 
24,700 lb. is taken by the steel. 


24.700 
A, ees 


= 2°06 sq. in. 
12,000 


Using }-in. diam. links in pairs (see Fig. 11.16), each pair has an area of 0-785 sq. in. 
At the bottom of the wall a spacing of 4} in. gives 2-1 sq. in. per foot of height. 
Halfway up the wall the spacing can be g in. 7 
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The minimum vertical steel is 0-3 per cent. or Be 9081s — 0°79 sq. in. 
100 


per foot. Using 3-in. bars at g-in. centres near both faces gives 0-82 sq.in. These 
could be U-bars in the lower part of the counterfort lapping with inverted U-bars 
in the upper part of the counterfort. 

The long bars running up the back of the counterfort present a difficulty but 
they may be in shorter lengths connected by screw couplers. The sectional area 


fata 


m.s. plate 20”x 20"x 194" thick 


Fig. 11.17. 


of a 14-in. diam. screwed rod at the bottom of the thread is 1-30 sq. in. so the tensile 
stress therein will not exeed 16,300 lb. per sq. in. 

Vertical main bars are required up the front (earth) fece of the counterfort 
to resist the moment produced by the earth pressure. Four long I-in. diam. bars 
running the whole height and four short {-in. diam. bars terminating 6 ft. above 
the base slab working at 18,000 lb. per sq. in. will be sufficient to resist this moment. 
A preliminary design for this reinforcement is shown in Fig. 11.14. With Figs. 
11.5, 11.12, 11.13, 11.16 and 11.17 this completes the preliminary design for the 
wall. 


Secondary Effects 


If there were no need to produce a watertight structure, the details in Figs. 11.12, 
11.13 and 11.14 would make a satisfactory wall, but if the deflections and joint 
movements are considered it can be seen at once that the wall could not function as 
designed without the serious risk of cracking occurring. 

A sectional plan of the wall in Fig. 11.8 at the base of the counterforts is shown 
in Fig. 11.18. In the preliminary calculations it was assumed that the base slab 
behind the wall slab spans freely 17 ft. from the wall slab to the back beam, but 
it cannot possibly do this as it is attached to the counterforts and some of the load 
must tend to span 15 ft. from counterfort to counterfort, particularly as the base 
slab is continuous under the counterforts and only freely supported by the back beam. 
This effect would be intensified if the spacing of the counterforts were reduced. 
Were it not for the strong twisting action caused by the cantilever toe the tail could 
be designed as a mesh panel slab spanning 15 ft. by 17 ft., but this large moment 


124 RESERVOIRS AND TANKS 


applied to the edge of the panel must upset the usual moment coefficient of 1,;W 
or 3y5W (see Migs. 13.10, 13.11 and 13.12). 

In Fig. 11.19, the joint between the wall slab and the base slab is shown. The 
strong cantilever action of the toe tends to rotate the joint as shown by the broken 


27'-0" 


SECTIONAL PLAN 
Fig. 11.18. 


Fig. 11.19. ‘ Fig. 11.20. 


lines, swinging the wall slab back and the tail down, but both the wall slab and the 
tail are monolithic with the counterforts and both are loaded, so that they will 
deflect into a curve similar in type to the restraint curves in a circular tank. This 
deflection will produce reactions resisting the rotation. In the tail this reaction 
will depend on the thickness of the base slab, the span between counterforts and the 
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deflection A;. In the wall slab the reaction will depend on the thickness of the wall 
slab, the span between counterforts and the deflection A,. 

If the wall slab is much thinner than the base slab or if it is severed from the 
base slab by a flexible joint (or open crack), it will impose no appreciable moment 
on the base slab. Assuming that such conditions do exist, the longitudinal bending 
of the tail is now considered as a separate problem (see Fig. 11.20). 

The transcendental-exponential curve shown in Fig. 11.20 into which the tail 
actually deflects is too complicated for practical design, but some idea of the mag- 
nitude of the effect can be obtained by making a simple approximation and replacing 
this curve by a parabola. 

If the back beam is omitted and the support that it provided is replaced by a 
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parabolic load supplied by the base slab acting as a beam, the loading shown in 
Fig. 11.7 is replaced by that in Fig. 11.21 and the moment acting from front to back 
in the base slab in Fig. 11.7 is modified to the moment shown in Fig. 11.21. 

In Fig. 11.7 the back beam supplies a support of 0-288wH? at a distance of 
0:575H from Rp. The centre of pressure of the parabola in Fig. 11.21 is 
0'625 X 0°575H from Rp and the total pressure is 


0-288wH* Xx 0°575H 
0-625 X 0°575H 


0-466wH? io 1:2wH, as shown on the left-hand side 
05754 2 


= 0°466wH?. 


The maximum intensity is 


of Fig. 11.21. 
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The rear end of the tail has therefore to carry a vertical load of 20 per cent. 
more than the horizontal pressure on the lowest part of the wall slab. If the effec- 
tive height of the wall is 32 ft. and the counterforts are spaced at 15-ft. centres, the 
longitudinal moment in the tail of the base slab is 


1ewH x L? Xx y= 1-2 X 62°5 X 32 X 15” X Tz = 45,000 lb.-ft. per foot width. 
45,000 X 12 
60 X 12 


The cross moment due to water pressure is 0:0493 X 62°5 X 323 = 101,000 lb.-ft. 
per foot width. 


With a resistance moment of 60bd?, d = u — 27 40 


101,000 X 12 
i resistance moment of 250bd,2, d, = J pines eae 
With a resis 50bd,?, d, 520 ae 


The cross moment due to earth pressure (Fig. 11.21) is 0-0169 X 100 X 32% or 
55,400 lb.-ft. for k = 0-249. 
For k = 0:2, it will be about 44,500 lb.-ft. These figures apply to the thin, weight- 
less, theoretical wall considered previously, but the figures for a practical wall of 
the same proportions would not be more than an inch or so different. 

Taking the figures for the actual wall in Fig. 11.8, the value of Rg at a distance 


= 20°1 in. 


15’/—O" 


L= ee A 
(43) ev. Rowers, 
Fig. 11.22. 


of 17 ft. from Rp is 19,100 lb. (see Fig. 11.9). The centre of pressure of the parabolic 
load that will replace it is 0-625 x 18 of 11:25 ft. from Rp. 


19,100 X 17 


The total parabolic load is = 28,800 lb., and the maximum intensity 


8 ; , : ; 
is 8 x 2 = 2,400 Ib. per sq. ft. Taking the effective height as 32 ft., then 


1:2wH in Fig. 11.21 = 1-2 X 62:5 X 32 = 2,400 Ib. per sq. ft., which checks with 
the foregoing. 
Under earth pressure, the downward value of Rg in Fig. 11.11 is 7,920 lb. The 
maximum intensity for the equivalent downward parabolic loading is : 
7,920 


19,100 X 2,400 = 995 lb. per sq. ft. 


This is for a value of k of 0-2. The value for the theoretical wall in Fig. 11.21 
where k = 0:249, is 0-301wgH = o-gor X 100 X 32 = 963 lb. per sq. ft., which 
checks approximately. A longitudinal section through the base slab, taken near 
the rear end of the tail and based on the moments just calculated, is shown in Fig. 
11.22. Bars 41 lap at each counterfort and there are two bars 42 in between. Bars 
43 lap at every other counterfort. 

With a heavy cantilever toe, if the spacing of the counterforts is much greater 
than the width of the tail of the wall, then a back beam as shown in Fig. 11 -7 should 
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be provided. If the spacing of the counterforts is much less than the width of the 
tail the longitudinal moment should be taken on the slab as in Fig. 11.21. Inter- 
mediate ratios of counterfort spacing to slab width may be treated by cither method 
or, possibly, by a compromise between them. So far the conditions have been 
assumed to be as in Fig. 11.20. Reverting to Fig. 11.19, if the thickness of the 
bottom part of the wall slab is comparable with the thickness of the base slab and 
the two are monolithic, then the cantilever moment in the toe must be shared be- 
tween them, approximately in proportion to the relative values of d3. The problem 
is at present (1967) not soluble accurately since any appreciable deformation of 
the base slab will redistribute the pressure on the ground and invalidate the assump- 
tion of a straight-line variation (which in any case is only a rough approximation). 

In the design in Figs. 11.12 and 11.14, the thickness of the base slab is 24 in., 
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Fig. 11.23. 


and of the wall 25 in. tapering upwards. If one-half of the cantilever moment 
is taken on each part, 
M = } X 116,500 lb.-ft. = 698,000 Ib.-in., 

and this, as far as the wall slab is concerned, produces tension on the liquid face. 
cla for the wall slab = Be) 
bd? : 139 2 
that the limits specified in CP.2007:1960 are being observed). Even if the cal- 
culated tension in the concrete is ignored heavy vertical steel must be provided 
in the wall slab. If the thickness of the wall slab is increased no real advantage 
is gained as the proportion of the moment the wall has to carry increases as d?. 
It is apparent that this design, although structurally quite sound is practically 
unworkable as soon as secondary effects and the possibility of serious cracking 
are considered. 

There are a number of ways in which the problem of the secondary bending in 
the bottom part of the wall slab can be overcome. 


= 93, against an allowable figure of 60 (assuming 


1. Provide a joint similar to that shown in Fig. 2.8, running from counter- 
fort to counterfort but not running through the counterforts. This expedient 
has already been mentioned in discussing Figs. 11.19 and 11.20. ‘The writer 
would not adopt this solution. 

2. Provide only nominal steel through the construction joint at the base of the 
wall slab, allowing this joint to open but cover it with an elastic flexible water- 
tight membrane of asphalt, bitumen reinforced with glass-fibre scrim, syn- 
thetic resin, etc., as shown in Fig. 11.23. However, does any ‘ elastic flexible 
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watertight ? membrane exist that can be relied on to stay clastic, flexible and 
watertight for 40 or 50 years? 


. Increase the thickness of the base so that it takes a larger percentage of the 


moment. This is not very effective and increases the overall height of the wall. 


_ Extend the counterfort outside the face of the wall, so that both the toe and 


the tail span from counterfort to counterfort. This is effective if the spacing 
of the counterforts is less than twice the width of the toe. With a wider 
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Fig. 11.24. 


spacing and a shorter toe, cantilever action will develop half-way between 
counterforts. 


. Reduce the spacing of the counterforts to reduce the thickness of the wall 


slab. This is not really a separate issue as the designer must, in any case, 


prepare several complete preliminary designs with different counterfort 
spacings and select the best. 


. Vary the proportions of the wall by decreasing the width of the toe and 


increasing the width of the tail. This is usually the best remedy. 


Consider the theoretical wall in Fig. 11.24. This is a thin, weightless wall 
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similar in type to the wall in Fig. 11.7, but having a toe equal to one-quarter of 
the width of the tail instead of one-half. ‘The necessary width of base to bring 
the resultant inside the middle-third is 0:884H (see Fig. 9.3). Ifa back beam 
is provided and the same primary assumption that all the loading on the base slab 
is carried by the slab spanning from front to back is made, the loadings and moments 
shown in Fig. 24 are obtained. Compared with Fig. 11.7 the maximum moment 
under water pressure has decreased from 0:052wf® to 0:034wH?, and the maximum 
moment under earth pressure has decreased from 0:0208wrH? to 0-:0165wrH?. The 
maximum pressure on the ground, which is the sum of the pressures caused by water 
and earth loading has changed from (1-33wH + 0-667wgH) to (1-6wH + o-4weH). 
If w = 62:5 and wy = 100 lb. per sq. ft., this represents a decrease of 7 per cent. 

If the back beam is omitted and the tail is arranged to span from counterfort to 
counterfort, the loadings in Fig. 11.25 are obtained, which compare directly with 
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Fig. 11.25. 


those shown in Fig. 11.21, and here again there is an all-round decrease in moments. 
Taking an effective height H of 32 ft., the maximum front-to-back moment causing 
tension on the underside of the slab is 0-0234wH? = 0-0234 xX 62°5 X 32% = 48,000 
lb.-ft. With a resistance moment of 250bd,?, d, = 13°85 in. or, say 16 in. overall. 
The maximum cross moment when the tank is empty is 0-0108wgH?. Ifwz is 100 lb. 
per cu. ft., 

M =0-0108 X 100 X 32% = 35,400 lb.-ft. 


With a resistance moment of 6obd?, d = 24°3 in. or, say 25 in. overall. 

The maximum load carried longitudinally is 0-803wH. If the counterforts are at 
15-ft. centres the moment will be 0-803 x 62°5 X 32 X 157 X fy = 30, 100 lb.-ft. 
With a resistance moment of 6o0bd?, d = 22-4 in. If, therefore, the width of the 
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toe is reduced to 0:117H, still keeping the counterforts at 15-ft. centres, a base slab 
of about 25 in. in thickness is required, which is the same thickness as the bottom 
of the wall slab. The cantilever moment on the toe is 0-0234wH*. Dividing this 
equally between the base slab and the wall slab, 


M = i X 0:0234 X 62°5 X 323 = 24,000 Ib.-ft. on each part. 


From Fig. 11.19, the wall slab spans horizontally above point a. Below this point 
it reverts to a cantilever. The applied loading at the bottom of this cantilever is 
30 X 62°5 = 1,875 Ib. per sq. ft. Assuming the effective cantilever loading is 
parabolic as in Fig. 11.26, 

M = 2 x 1,875 X hg X 0°375h3 = 24,000 |b.-ft. 

hs — 715 he 
Many early designers assumed an arbitrary value for h3, such as 3 ft. Others, basing 
their opinion on the fact that the critical moments in mesh-panel construction occur 
across the diagonals, drew lines at 45 deg., as in Fig. 11.18, and assumed a cantilever 
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height of h, equal to one-half of the net spacing of the counterforts, which in this 
case is 6 ft. 7 in. 

To resist a moment of 24,000 1b.-ft. with tension on the water face, 

24,000 X 12 
12,000 X 0°863 X 22 


st 


= 1:265 sq. in.; say $-in. diam. bars at 6-in. centres. 


Suspension steel to carry Rp = 0-083 wgH? is needed when the tank is empty. 
Rp = 0:083 X 100 X 32° = 8,500 Ib. 


== 0-71 sq. in. 


This tension only develops when the tank is empty and the steel required is not in 
addition to the area of 1-265 sq. in. which is only needed when the tank is full. A 
detail of the arrangement of this reinforcement is shown in Fig. 11.27. Eliminating 
the back beam necessitates modifying the detail at the bottom of the counterfort 
as shown in Fig. 11.28. Considering the wall in Fig. 11.25, the loading of 0-803wH 
is carried from counterfort to counterfort. If the net width between counterforts 
is (15 ft. less 1 ft. 10 in.), suspension steel to carry a maximum load of (13 ft. 2 in.) 
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x 0-803 X 62-5 X 32 is needed at each counterfort. The main steel in the back of 
the counterfort may be spread out as shown to pick up some of this load. 

(13 ft. 2 in.) x 6-803 x 62:5 x 32 = 21,100 lb. per ft. 

21,000 - 
en 1-76 sq. in. 


is required. The detail in Fig. 11.28 shows 3-in. diam. U-bars at 6-in. centres. 


At a stress of 12,000 lb. per sq. in., a maximum area of steel of 
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Some walls have been built without an external toe. Such walls rely for their 
stability against earth pressure on the friction developed between the earth banking 
and the external face of the walls. Since the amount of friction developed is variable 
and unpredictable such designs are best avoided. 


Some Constructional Details 


The arrangement of steel in the wall slab is straightforward. The layout of 
steel in the counterfort is complicated, with closely-spaced bars running horizontally 
and vertically and heavy rods running up the sloping edge. One of the problems 
is to provide proper anchorage and grip length without overcrowding the bars. 
The type of connection shown in Fig. 11.29 always requires careful detailing if cracks 
are to be avoided. The normal detail drawings to a scale of 3 in. or 4 in. to 1 ft. 
look reassuring, as they show the links fitting snugly round the main bars but this 
is misleading. It is standard practice to bend round a mandrel whose radius is 
twice the bar diameter. A 3-in. diam. link will fit tight round a 1}-in. diam. bar 
but a 4-in. diam. link will not fit tightly round any bar used in everyday construction. 

A tolerance of +o to —} in. is usual in bending 3-in. diam. links and the main 
bar may well be } in. clear of the link. In the particular case of a strongly-tapered 
counterfort, the links may be allowed to drop until they are tight against the main 
bars. In a very deep beam or wide counterfort they may be formed in two pieces, 
in which case also they can be placed tight against the main bars. The horizontal 
links in the bottom of a counterfort 30 ft. high may be more than go ft. long, a bar 
more than 40 ft. long being required if they are to be made in one piece, and they 
would normally be in two halves as shown in Fig. 11,30. 
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Using an arrangement where all the links bear tight against the main bars, the 
anchorage may be increased by welding the links to the main bars but this is a slow 
and expensive process. The bars must be held exactly in position during welding. 
A steel skeleton welded out of alignment is very difficult to get back into shape. 

In Fig. 11.29, tension in the links on Section x — x is resisted by: 


1. Adhesion on the grip length /,. 
2. Resistance to crushing of the concrete inside the bend. 
3. Anchorage (if any) provided by the main bars. 


The resistance to crushing on a small area deeply embedded is very high, pro- 
vided the concrete is sound. For a horizontal link or the bottom end of a vertical 
link there should be no question of its strength, but at the upper end of a vertical 
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Fig. 11.30. 


jink close contact between the concrete and the underside of the bar may be spoiled 
by the use of harsh, over-dry or over-wet concrete. If necessary the value of J, 
may be increased by increasing the projection, shown as 2 in. minimum in Fig. 11.29. 

In the detail in Fig. 11.16, }-in. diam. links are used to hold the wall slab to 
the counterfort. Assuming that a grip length of 30 diameters is required for bars 
stressed to 12,000 Ib. per sq. in. and ignoring the assistance provided by items (2) 
and (3), }-in. diam. links can certainly be used where the thickness of the wall is 
15 in. and 3-in. diam. links where the wall is 11 in. thick, and it would be possible 
to use g-in. diam. links where the wall is 19 in. in thickness. Using $-in. diam. 
links at the bottom of the wall would increase the spacing from 4} in. to 7 in.; this 
is no great advantage. Spacings of less than 4 in. should be avoided if possible. 

If the thickness of the base slab is 24 in., the use of 3-in. diam. U-bars stressed 


to 12,000 lb. per sq. in. is quite safe to hold the base slab up to the counterfort (see 
Fig. 11.28). 
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If the bars are too large to anchor by adhesion or by end hooks, they may always 
be held by anchor plates as shown in Fig. 11.17. 

The main bars in Fig. 11.16 are arranged to have a clear space of 3 in. between 
them. This could be reduced to 2 in. as a minimum. 


Counterforts on Rock Foundations 


On a rock foundation the counterforts may be supported by a raking strut (or 
struts) as shown in Fig. 11.31. The tendency of the wall to lift bodily may be 


Rock 


Fig. 11.31. 


resisted by increasing its weight, by tying it down into the rock, or by providing 
a base slab to pick up sufficient vertical loading. Under earth pressure the strut 
becomes a tie and must be anchored down. Alternatively a second raking strut 
inside the tank could be provided. 


Sloping Walls 


The high cost of counterforts in tension (particularly if they are designed to 
CP.2007:1960) naturally leads to the consideration of providing sloping walls 


Fig. 11.32. 
with the counterforts in compression, as shown in Fig. 11.32. With the theoretical 
weightless wall as shown in Fig. 11.32, the centre of pressure on the ground passes 
through the middle-third point of the base when 6 = 45 deg. Comparing this 
with the theoretical wall in Fig. 11.24, which is shown by broken lines in Fig. 11.32, 
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a nearly 42-per-cent. greater wall slab will be required but some of the thick base 
slab will be saved. The counterforts may be larger in area but may be thinner 
and more lightly reinforced. The main difficulty lies in the shuttering for the sloping 
wall, but the cost of this may be kept within reasonable limits by a properly designed 
shuttering fit-up. The scheme is most attractive on a rock foundation where the 
counterfort requires only a nominal width of footing. 


Other Shapes of Counterfort 


So far only the elementary triangular shape has been discussed. In this shape 
both the horizontal and vertical bars vary in length and the compacting of the 
concrete round the main bars is made somewhat difficult by the sloping shuttering 
to the inside edge of the counterfort. Both these minor difficulties may be eliminated 


Minimum 
value for 


Fig. 11.33. Fig. 11.34. 


by using a counterfort of the type shown in Figs. 11.33 and 11.34. If the counter- 
fort is of uniform thickness 6 and varying horizontal depth d, if it acts as a rectangular 


beam subjected to a moment of 0-167wh?Z at any depth h, and if the moment of 
resistance is 60bd?, then 


6obd? = 0-167whL, or d varies as Vh°. 


This gives a concave curve (shown by broken lines in Figs. 11.33 and 11.34), and 

any series of vertical or sloping lines that approximate to this curve may be used. 

The elementary triangular shape is a first approximation. The shapes in Figs. 11.33 

and 34 are second and third approximations. The beginner is advised to keep to 

the simpler shapes or he might find himself in a muddle with his steel arrangement. 
The reader should study the counterfort shown in Fig. 11.14. 


CHAPTER TWELVE 


LARGE RESERVOIRS WITH WALLS SPANNING 
VER TICALLY 


WHEN a reservoir or tank is provided with a roof the first natural reaction of any 
designer is to connect the top of the wall to the edge of the roof and span from 
floor to roof. The roof structure is generally not sufficiently stiff to provide a 
fixed joint at the top of the wall, but the bottom end of the wall, when this consists 
of a simple slab, can generally be held in position and direction by the floor slab. 

A cantilever of height H carrying a triangular load varying from o to wH has 
a maximum moment of 0-:167wH%. A freely-supported beam of height H and 
carrying the same load has a maximum moment of 0:064wH. A beam of height 
H and of uniform section, freely-supported at the top and fixed at the bottom and 
carrying this same load, has a moment of 0-0667 wH® at the base, a positive moment 
of 0-0297w/1*, and a top reaction of o-1wH?. ‘Thus, by connecting the top of the 
wall to the roof the maximum moment can be reduced to 40 per cent. of the canti- 
lever moment, as far as primary stresses are concerned. Unfortunately the secondary 
effects (that is, the additional stresses due to the deflections and extensions of the 
structure) in a large tank or reservoir can cause such high stresses that the wall 
and roof should not be connected. Provision of expansion joints in the wall may 
necessitate their being carried across the roof, which would make it impracticable 
to carry tension across from wall to wall. To exploit the idea of spanning the 
wall vertically, the roof must be free of expansion joints. 


Liquid Loading 


Usually the water level is some distance below the underside of the roof and 
the loading is as shown in Fig. 12.1. In order to use standard moment coefficients 


wh! 
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for tapering walls it is possible, for all practical purposes, to replace the triangular 
load ABC with the triangular load A’B’C and the negative uniform load equal 
to wh’. 


Earth Loading 


The wall of a large roofed reservoir surrounded by a substantial bank of earth 
is shown in Fig. 12.2. In mid-winter the thermal contraction of the roof will drag 
the top of the wall inwards, leaving a space between the back of the wall and the 
face of the bank. If the bank consists of dry granular material, it will follow the 


ny 7 
Winter’ \y her 


ui 


Fig. 12.2. 


movement of the wall and fill this space. Next mid-summer the roof will expand 
but the wall will be held by the counterpressure from the ground which may be 
from 10 to 20 times the active pressure, and the wall may develop serious cracks 
or (more likely) the joint at the top of the wall may shear. This action may be 
prevented by inserting a substantial layer of compressible material (say 3 to 4 inches 
of foamed plastic) between the back of the wall and the earth. 


Slab of Uniform Thickness Spanning Vertically 


In Figs. 12.1 and 12.3 a wall slab of uniform thickness spanning a height H, fixed 
by the floor slab at the bottom and connected to the roof at the top is shown. The 
structural reaction at the top of the wall slab puts the roof in tension and causes 
it to stretch. This effect is generally much smaller than the thermal expansion 
and contraction of the roof. 

The top joint of the wall will suffer a rotation 6 and a horizontal displacement 
x due to stretching and thermal expansion of the roof. The bottom joint is assumed 
to be fixed in position and direction by the floor slab. 

The applied loading is shown in Fig, 12.1. 


"2 

Mp = aes: 
15 12 
v 2 

Mp - oo 


Io 12 
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Tabulating the effects: 


M, M, 
Joints fixed | A B 
Due to 6 | 4EKO0 | 2EKO 
2939 & | 6EK > 6EKE, 
| 


Fig. 12.3. 


The roof construction is generally insufficiently stiff to fix the top joint in direction 
and, as a first approximation, 


M, = M, = 0, 
A+ 4EK6 + 6EKE =, 


KO 2 A = 6EK-. 
: 3 H 
M, = B+ 2EK6 + 6EKE 


a; ee men Cp ase 
05 3 a H 


pe on A dare. 
0-54 + 3 H 


Taking the term 3EKS., which shows the moment at the base of the wall caused 


by the outward movement of the top joint, and writing K = J/H, I = ;',bd* and 
Z = 16d, the stress in the concrete (ignoring the reinforcement) due to this effect 
bd x 6 __Eixd 

=> 


alone is 3 xX = X ea 1G If the distance x is taken as equivalent to 


12H =H bd? 
a rise in temperature of 30 deg. F. in a roof 100 ft. in width and £ is assumed to 
be 3,000,000 Ib. per sq. in., x = 30 X 0-000006 X (50 X 12) = 0-108 in. 
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If H = 15 ft. — 180 in., and d = 16 in., bending stress at base of wall due to x alone 
__ 15 X 3,000,000 X 0-108 X 16 | 310 Tbe pee scm 
1802 


The remainder of M, is (B — 0-54) 
WH wh'H? WH _ wh'H?® 


10 12 30 24, 
WH wh'H? 

— — = = 
715 8 


For a slab of uniform thickness all these are standard values, but the method may 
also be employed to solve the case of a tapering slab, which is dealt with later in 
this chapter. 
W =4 x 62:5 x 15? = 7,030 Ib. 

If hk’ = 10 in. then wh’ = 62-5 x 0:83 = 52 lb. per foot. 
TESS Mees 15: 12,600 Ib.-ft. 

75 8 
Stress due to this moment (ignoring the reinforcement) 


Structural moment = 


6 ; 
= 12,600 X 12 X —— ee pa = 295 lb. per sq. in. 


If this is added to the stress due to x, a total stress of 295 + 240 = 535 |b. per 
sq. in. is obtained. Allowing for the reinforcement might reduce this to about 
450 lb. per sq. in. or about 50 per cent. greater than the limiting value specified 
in CP.2007: 1960. 

The total moment is 12,600 + 10,250 = 22,850 lb.-ft. 
M _ 22,850 X 12 
bd? 12 X 142 

If the reinforcement were efficiently detailed and the tank built by experienced 
workmen the writer would accept a wall 16 in. in thickness, particularly if the 
reservoir is to be banked round with earth and the roof covered with 1 ft. of soil. 

For any given values of x and H, the stress due to x alone varies directly as d. 
If d is increased to 18 in. the stress will be (233 + 270) = 503 lb. per sq. in. against 
(295 + 240) = 535 Ib. per sq. in. 

Tapering Slab Spanning Vertically 
If a slab having a thickness varying from 0-667d, at the top to 1-33d, at the 


base is used, d, being the thickness halfway down the slab as in Fig. 12.4, and the 
same loading as in Fig. 12.3 is applied, 


ap — F424 in., == 1165. 


Mp = —0:04WH + 0:055wh’'H? = G 
and Mgr = +0:136WH — o-12wh'H? = D. 
From NES Cra = 5°75, Cig = 2°0, and Cy, = Cap = 1-7. 
Tabulating: 
M | M, 
Joints fixed | G | D 
Due to 6 2EK6 1-7EK6 
9 99 | c Fis | . uc 
| S7ER | TASER, 
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Assuming M, = 0, 
G + 2EK6 + 37EKE = 0. 
2EK0 = —G ~ 3°7EK~- 
ay H 


M, = D + 1-7EK0 + 745EK— 


=D — Gee 014 EK- yan EK 
5G — 3 14EK> + 7°45EK, 


Poel atk 
0856 + 4-31EK = 


The last term is the moment at the base of the wall caused by the outward movement 


0-667 dc 
sales 
I 
dc=16" 
=| 15-0" 
et 
1-33dc 
Fig. 12.4 


of the top joint. K =JI,/H, where I, = j;d,3.  Z at base of wall = $6(1-334¢,)?. 
The stress in the concrete (ignoring the reinforcement) due to this effect alone is 
Ebd? | x 6 1 pages 
tem ~©~6 CB -39d,)2 aie 
Again assuming x = 0-108 in., H = 180 in. and d, = 16 in., the wall is 21-3 in. 
thick at the base and 10-7 in. thick at the top. 

Bending stress at base of wall due to x alone 


4°31 d,. 


__ IrQ1 X 3,000,000 X 0-108 X 6 PAI RIOOCEL CAL 
a 1802 me ee 


The remainder of M, is D — 0:85G 
= +0:136WH — o-12wh'H? + 0:034WH — 0:047wh'H? 
= +0:17WH — 0-167wh'H?. 
Again taking W as 7,030 Ib. and wh’ as 52 lb. per foot, 
Structural moment = +(0-17 X 7,030 X 15) — (0:167 X 52 X 15%) = 15,950 lb.-ft. 
K 
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Stress due to this moment (ignoring the reinforcement) 


== 5.950) X12 ae an) —— = 210 lb. per sq. in. 
; Fo- x 21-32 
Adding this to the stress due to x, the total stress is 210 + 194 = 404 Ib. per sq. in. 
This is 75 per cent. of the calculated stress in a wall of uniform thickness having 
the same average thickness. 

The total moment at the base is 15,950 + 14,750 = 30,700 lb.-ft. 

M — 30,700 X 12 

— AS — 6 "55 

bd? . 12 & 21-3? vs 
which is still in excess of the maximum permitted by CP.2007:1960. 
MA Deacon 2 
bd,2 12 X -19°3? 
95 bd,2 which was employed as standard practice for designing work of this type 
in the early part of this century. 

If the design is carried a stage further, still maintaining an average wall thickness 
of 16 in. but reducing the top to 8 in. and increasing the bottom to 24 in., the 
mid-summer moment at the base is 17,000 (structural) + 16,400 (temperature) 
= 33,400 lb.-ft. = 400,000 lb.-in. 


Ti ro = 82:4. This is less than the value of 


M __ 400,000 
bd? 12 X 24? 
The problem may be approached from the other direction. If a free-standing 

cantilevered wall 15 ft. high is subjected to a triangular load equal to 14 ft. 2 in. 

depth of water, the total lateral pressure is 6,280 lb. If the wail is 16 in. in thickness 

halfway up, the deflection at the top for a wall of uniform thickness (Fig. 6.4) 


aoe __ 0:0667 X 6,280 x 180% x 12 
(OE 3,000,000 X 12 X 163 


= 58, which is within the limits of CP.2007:1960. 


== 0'199 in. 


With a slab of the same average thickness but tapering from 2 to 1 the deflection 
is O'113 in., and when tapering 3 to 1 the deflection is 0-098 in. 

If the deflection at the top of the wall, when acting as a cantilever, is more 
than the thermal expansion of the roof then the roof will still afford partial support 
and this will reduce the moment at the base of the wall. 

If the deflection at the top of the wall, when acting as a free cantilever, is less 
than the thermal expansion of the roof then the roof will push the top of the wall 
out further and increase the moment at the base of the wall. 

In the four cases considered the moments at the base of the wall are as follows. 


Slab of uniform thickness: 22,850 lb.-ft. 
Slab tapering 2-1: 30,700 lb.-ft. 

Slab tapering 3-1: 33,400 lb.-ft. 

Free cantilevered slab: 29,600 lb.-ft. 


Generally speaking there is little or no structural advantage in connecting the 
roof of a large reservoir to the top of the wall, but there may be other reasons for 
so doing and the design of the 3:1 tapered wall in Fig. 12.5 may be completed 
by adding the moments due to earth pressure when the reservoir is empty. The 
most severe effects from earth pressure will occur in mid-winter, the top of the 
wall being dragged inward by thermal contraction of the roof. 

The loading is shown in Fig. 12.5 and consists of a triangular load of 0-5 pH? 
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and an added uniform load of ph” per foot of height, where p is the earth pressure 
per sq. ft. per foot of depth. 


[h " 


24" 
Fig. 12.5. 


tie = 20 lb., with H = 15 ft. and kA” = 1 ft. 4 m., 


O:36H" = 05 X 20 X 157 = 2,2507 Ib. 
ph" = 20 X 1°33 = 26:7 Ib. per foot of height. 


M,r = +(0:026 X 2,250 X 15) + (0°04 X 26-7 X 152). 
Mgr = —(0°156 X 2,250 X 15) — (0°145 X 26-7 X 157). 
Writing _ # = —0-108 in. and solving, 
~~ M; = — 7,280 Ib.-ft. (structural) 


—16,400 lb.-ft. (temperature) 
— 23,680 lb.-ft. 
If the wall were not attached to the roof and were acting as a simple cantilever 
the moment at the base would be 
2,250 X 5 ft. + (26-7 x 15) X 7°5 ft. = 14,250 lb.-ft. 


water pressure 


earth pressure 
mid-winter 


mid-summer 


earth pressure 


water pressure 
mid-winter 


mid-summer 


iB 33,400 lb-ft. sa 23,680 ib-ft. | 


Fig. 12.6. 
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By connecting the top of the wall to the roof the mid-winter moment at the base 
of the wall has been increased by some 66 per cent. 

If the loading and the moment at the base are known the top reaction Ap can 
at once be calculated by taking moments about the bottom of the wall. 

Rr (pulling the top inward) x 15 ft. = 23,680 — 14,250 lb.-ft. 
Rp = 628 lb. (mid-winter, tank empty). 

The derivation of the bending-moment diagram follows at once. In Fig. 12.6 
the moments in the 3 : 1 tapered wall in Fig. 12.5 are shown under the four major 
combinations of structural loading and temperature effects. 

A preliminary design for the reinforcement in the wall is shown in Fig. 12.7, 
the steel near the water face being stressed to 12,000 Ib. per sq. in. and that near 
the earth face to 18,000 lb. per sq. in. 


¥q" Links 


34"  ev.6" 3A" ev.6" 


Yang ev, 12" 


Var ev. 12" 


Fig. 12.7. 


At the base of the wall: 


Ay (inside) = ——33:400 * 13 = ye sea 
at ( ) 12,000 X 0°86 X 22 (Mea 
say #-in. diam. bars at 3-in. centres. 

23,000) >< 12 


18,000 X 0-86 X 22 
say #-in. diam. bars at 6-in. centres. 


A,, (outside) = 


= 0'832 sq. ini; 


When calculating the pressure on the ground the designer must not forget the 
reactions, vertical and horizontal, imposed on the top of the wall by the roof. 

Owing to the strong outward thrust of the roof in summer it is difficult to make 
the centre of pressure fall within the middle-third of the base slab under all eight 
sets of conditions that must be checked. These are as follows: unbanked tank full 
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or empty, winter or summer, and banked tank full or empty, winter or summer. 
In Fig. 12.8 the necessary stability has been obtained by thickening the base slab 
and by picking up the first line of roof columns on the inward end. 


20'-O" -| 
Fig. 12.8. 


Longitudinal Movement 


The roof will expand and contract in all directions. Inward and outward 
movement of the top of the wall will take care of the expansion and contraction 
in one direction. ‘Thermal movement in the other direction may be accommodated 
by the provision of vertical expansion joints in the wall slab. 


Slab and Beam Walls 


Reservoir walls have been built as shown in Fig. 12.9 with vertical beams simply 
tied into the floor and roof. The primary stresses are simple but, as has already 


Fig. 12.9. 


144 RESERVOIRS AND TANKS 


been seen, the top of the beam may rock backwards and forwards to such an extent 
that the joint between the bottom of the beam and the floor slab may crack and 
steadily deteriorate with each yearly cycle of temperature change. In the example 
already worked out, this movement is calculated as 0-108 in. Ona rock founda- 
tion, where the bearing area can be reduced to a narrow strip, the detail in Fig. 12.10 


Elastic waterproof 
| cover strip 


High ductility 
stainless steel 
tie 


soft plastic tube 


Compressible 
filling 


Le Bearing . 
area 


Fig. 12.10. 


could be used. (The author personally dislikes details of this type but some 
experienced engineers use them.) 

The danger is probably more apparent than real. Nevertheless the designer 
should give the problem close consideration and every reasonable precaution should 
be taken to reduce the range of temperature in the roof. 


CHAPTER THIRTEEN 


NARROW TANKS WITH WALLS SPANNING 
VERTICALLY 


A sEcTIoN through a long narrow tank or flume with the walls spanning vertically 
and the roof spanning from wall to wall is shown in Fig. 13.1. A controversial 
point is the net effective upward loading on the floor. The self-weight of the 
floor and the weight of the water standing on it may be assumed as passing directly 
to the ground, thus causing no moment in the floor slab, but the weight of the 
roof and walls must be distributed in some manner under the bottom slab. On 
comparatively soft ground the designer should assume that it is distributed uniformly 
across the width of the tank. On a rock foundation it will concentrate directly 
under the walls and cause little or no bending in the floor. For intermediate 
cases the distribution shown in Fig. 13.1 may be assumed. The free moment under 
this loading is 0-083WL and the fixed-ended moment is 0-0625WL. 

In Fig. 13.2 a preliminary design for a long narrow tank 18 ft. wide and 15 ft. 


Fig. 13.2. 


in height, measured on the centre-lines is shown. Before the moments can be 
calculated the thickness of the members must be known. 
The roof carries 1 ft. of earth and will be about 1 ft. in thickness. With a 
little imposed load, say 300 lb. per sq. ft., 
Approximate M = 54; x 300 x 18? X 12 = 97,000 lb.-in. 
With a resistance moment of 60bd?, d = 11-62 in.; say 12 in. overall. 
Total water pressure say $ X 62°5 X 147 = 6,190 lb. 
M, say };WH = +}; x 6,190 X 15 X 12 = 110,000 lb.-in. 
With a resistance moment of 60bd?, d = 12°37 in.; say 14 in. overall. 
Net upward load on floor: 


Roof, say: 20 ft. X 300 = 6,000 lb. 
Walls: oexeda tt. X 175 — 4,900 Ib. 
10,900 lb. 


Say 10,000 Ib. on a width of 18 ft. 
M = say +}; X 10,000 X 18 X 12 = 135,000 lb.-in. 
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With a resistance moment of 60bd?, d = 13-7 in.; say 14 in. overall. 

The water level is about 1 ft. below the centre-line of the roof slab and this can 
be dealt with by the method in Fig. 12.1. 

Outward pressure = } X 62°5 X 15? = 7,030 lb. 

Inward pressure = 1 X 62-5 = 62:5 lb. per foot of height. 

With such a small tank temperature movement may be ignored and the rotations 
of the joints are as shown in Fig. 13.3. By symmetry 6, = —@, and 0, = — 6g. 


Fig. 13.3. 


soe 


Mp = — == —8,100 lb.-ft. 
12 
030 X 62: f 
Mapes — 2939 2 Bog os 15 2 coo (bee 
15 12 
: x 62: 2 
Mop = + QSOS AS 2p + 9,380 lb.-ft. 
10 12 
Myr = + 10; COUR = +11,250 lb.-ft. 


16 


All these values are per foot run of tank. 
The relative values of K,, K, and K,; vary inversely as the length and directly as 


the cube of the thickness, that is K, : K, : Kg as 2 as 1-02 1O1 7 i-5q@ 


j 18 15 18 
Tabulating: 
M, | M, My ~ M, 
Joints Fixed | —8,100 | —5,860 +9,380 | +11,250 
Due to 6, 4EK 6, jis) cee 
30 699 Yo — | 2EK.0 | K i] EK 6 
ey _2EK.p, | Nae ane 2 4 have 
0, = —O6, = | = Power — 2H Kegs 


Since M, + M, = 0 and M, + M, = 0, two simple equations for EO, and EO 
are obtained. : 
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Solving by slide rule: 14, = —2,980 Ib.-ft.; M, = ++2,990 lb.-ft.; 
M, = —2,280 lb.-ft.; and M, = +2,310 lb.-ft. 


This gives the bending-moment diagram shown on the right-hand side of Fig. 13.4. 
A similar calculation for the empty tank subjected to external earth pressure gives 
the moment diagram on the left-hand side of Fig. 13.4. 

In addition to these moments the water pressure will impose a direct tension 
of about 2,000 Ib. on the roof and 4,000 lb. on the floor slab. 

The maximum moment in the roof is 9,000 lb.-ft. = 108,000 lb.-in. With a 
resistance moment of 60bd?, d = 12:25 in. Taking into consideration the direct 
tension of 2,000 lb., the thickness of the roof slab will have to be increased to 19 in. 


PRESSURE WATER 
PRESSURE 


Fig. 13.4. 


The maximum moment in the wall is 14,000 Ib.-ft., but here tension occurs on 
the outside face. With a resistance moment of 250bd,?, d, = 7:5 in. only and a 
10-in. slab might be sufficient. The maximum moment in the floor is 13,000 lb.-ft. 
With a resistance moment of 60bd?, d = 14:73 in. and the thickness of the floor 
should be increased to 15 in. 

In practice, too, the inside dimensions, and not the centre-line dimensions, are 
fixed and changes in thickness mean changes in centre-line dimensions. Changes 
in thickness also involve changes in the relative values of K,, K, and Ks, with cor- 
responding redistribution of moments and it might be as well to keep to a thickness 
of 14 in. for the walls to provide extra stiffness. 

Once the first preliminary design has been worked out, all these changes are 
merely matters of arithmetical adjustment common to the design of all statically- 
indeterminate structures. 


Culverts 


Culverts are a species of long, narrow tank. The floors are often dished and 
the roofs sometimes provided with splays. An analysis of the moments in such 
structures may be found in the writer’s ‘ Frame Analysis’. 


Suspended Flumes 


The transverse bending moments in an elevated box flume of the type in Fig. 13.5, 
in which the walls act as deep girders, are easily calculated as far as the vertical 


148 RESERVOIRS AND TANKS 


loading is concerned, being similar to those in Figs. 13.3 and 13-4 except that the 
effective load on the floor is downwards instead of upwards. 
The transverse bending caused by wind loading is more complicated as there are 


Fig. 13.5. 


four different joint rotations together with a lateral displacement of the roof relative 
to the floor, giving a total of five unknowns. ‘The fifth equation is found from cal- 
culating the shear in the vertical walls and equating this to the horizontal wind 
pressure. 


The design of flumes with curved bottoms such as the ‘ hydraulic catenary ’ is 
outside the scope of this work. 


The preliminary designs for a wall of a narrow tank spanning vertically are 
shown in Fig. 13.6. The roof will be assumed to be so small or so well insulated 


1500 Ib 


1,830 Ib 


2\'-o" 


Wall tapers 


3,440 Ib. from 14” to 28¢ 


12,500 Ib. 


—_ 


1,720 Ib. 


10,670 Ib. 
10,670 Ib. 
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that its thermal expansion and contraction can be neglected. Practice shows that 
this is safe for small tanks (say less than 50 ft. wide). The wall is assumed to be 
fixed in position and direction where it joins the floor and freely supported by the 
roof slab. It carries 20 ft. of water but is 21 ft. high measured to the centre-line 
of the roof. In order to use standard moment coefficients this loading may be 
taken as equivalent to a wall carrying 21 ft. of water on one side and a uniform 
load of 62:5 lb. per sq. ft. on the other. 
Using a wall that tapers in the ratio of 2 to 1, 


M at base = 0:085 X (21 X 62:5) X 21? = 49,300 lb.-ft. 
— 0°1668 x 62:5 x 212 = 4,600 lb.-ft. 
44,700 lb.-ft. 
The full cantilever moment if the wall were not attached to the roof would be 
0°167 X 62:5 X 203 = 83,200 lb.-ft. 
83,200 — 44,700 
21 


Top reaction = 


= 1,830 lb. 


Total water pressure = 0°5 X 62°5 x 207 = 12,500 lb. 
Bottom shear = 12,500 — 1,830 = 10,670 lb. 
For a resistance moment of 60bd?, the thickness at the bottom of the wall is 


44,700 X ae ; 8 i 


Making the base slab also 28 in. in thickness and assuming that the bottom shear 
of 10,670 lb. is taken by counterpressure on the face of the toe, the width of base 
necessary to keep the resultant inside the middle third has been found by trial and 
error, firstly, on the left of the figure, with the base projecting only 6 in. to form 
a 6-in. toe, and secondly, on the right of the figure, with a 2-ft. 6-in. toe. The 
vertical loading from the roof coming on the top of the wall is 1,500 lb. per foot 
run. The stability of the base of the right-hand detail is shown in Fig. 13.7. 
Taking moments about point X, 


1,720 < 3°28 = 5,640 Ib.-ft. 
4,940 x 4°25 = 21,000 bet eI) 
4,700 X 7°0 = 32,900 ;, 5, 
11,450 X 9°42 = 108,000 ,, ;, 
22,810 |b. 167,540 lb.-ft. 
less , 44,700 
10,670 X 117 = 12,400 - 57,100 ,, 3, 
110,440 lb.-ft. 
: 0,440 
Horizontal distance of R from point X = = ae = od tt, 


R is 7-0 — 4:84 = 2:16 ft. out of centre. 


22,810 ” 22,810 X we mP 1,630 + 1,510 = 3,140 to 
I 


Pressure on ground = 


120 lb. per sq. ft. Of the total upward ground pressure of 22,810 Ib., 10,200 lb. 
acts under the tail at a distance of 3:22 ft. from Section a-a in Fig. 13.7. The 
unit downward loading on the tail is shown overleaf. 
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Water: 20 X 62°5 = 1,250 lb. 
Self-weight: 28 x 12 = _ 336 Ib. 
1,586 Ib. 


M on Section a-a = 4 X 1,586 X 9:17? = 66,700 lb.-ft. 
less 10,200 X 3°22 = 32,800 ,, 5, 
33,900 lb.-ft. 


This is less than the moment of 44,700 lb.-ft. at the bottom of the wall slab and 
a thickness of 2 ft. 4 in. is ample for the base slab. This is generally true of all 
walls that have a reasonably large projecting toe; it is not true for walls that have 
very small toes. The corresponding moment for the wall in the left-hand side of 
Fig. 13.6 is 50,800 lb.-ft. and for a resistance moment of 60bd? a thickness of 2 ft. 4 in. 
is not enough. If the horizontal shear of 10,670 lb. cannot be taken by counter- 
pressure on the front of the toe and has to be taken in shear friction on the under- 
side of the base slab, this moment would be increased to 62,800 lb.-ft. 

When comparing the cost of a wall of this type with the cost of a free-standing 


3,440 lb. 
L720 Ib. 1,500 bb. Water 
: 11,450 Ib. 
a 44,700 ft-lb. 
1 
' 
i 


10,670 Ib. 
Pagmet eae 


10,670 |b. Base na 
he 4,700 |b. 
x 
{ 10,200 Ib. I20 lb. 
per sq. fe. 
3,140 Ib. 
per sq. fc. 


Fig. 13.7. 


cantilevered wall, the designer must remember to include the cost of the extra 
steel (and possibly extra concrete) in the roof to carry the tension of 1,830 lb. per 
foot run across the roof from wall to wall. 

If the tank is banked round after it has been filled and tested, and if the earth 
pressure is 20 lb. per sq. ft. per foot of depth, the ground-level being 1 ft. 4 in. 
above the centre-line of the roof, the earth pressure on the wall consists of a triangular 
load varying from zero to 420 lb. per sq. ft., plus a uniform load of 26-6 lb. per 
sq. ft. When the tank is empty the moment at the bottom of the wall is 

0:085 X 420 X 217 = 15,800 lb.-ft. 
+- 0:1668 X 26:6 21* == oc 
17,750 lb.-ft. 


In Fig. 13.8 an alternative design to that in Fig. 13.6 is shown, with vertical beams 
tied into the floor and roof and the wall slab spanning horizontally between these 
vertical beams. The design of the wall slab will be similar to the wall slab in a 
cantilevered counterfort wall, g.v. The top end of each beam is tied into the roof 
at a point 1 ft. above the water level, the bottom en-1 being tied 8 in. below the 
top of the floor, giving a total vertical span of 21 ft. 8 in. If the beams are spaced 
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at 1o-ft. centres, the total water pressure carried by each is 0-5 Xx 62-5 X 207 x 10 
or 125,000 lb. The top reaction is 42,300 Ib. and the bottom reaction is 82,700 lb. 
The maximum moment occurs 11:63 ft. below water level and is 4,450,000 lp.-in. 
Using a four-bar arrangement with pairs of 3-in. diam. stirrups, with 14-in. concrete 
cover outside the stirrups and 2 in. between bars, as shown in Fig. 13.9, a beam 
about 15 in. wide will be required. Taking the bottom shear at 200 lb. per sq. in. 


on the lever-arm area, lever arm required = 37/00 = 27-6 in.; say 36 in. deep 
200 X 15 
overall. 

4,450,000 
18,000 X 27:6 
According to CP.2007:1960 the stress ‘ in shear reinforcement ’ is limited to 12,000 lb. 


A,, at 18,000 lb. per sq. in. = = 8-97 sq. in.; say eight 14-in. diam. bars. 


Fig. 13.8. 


per sq. in. This presumably refers to links and stirrups but whether it is intended 
also to apply to inclined bars, the middle sections of which are stressed to 18,000 lb. 
per sq. in. in bending is not clear. 

A detail for the bottom end of the beam is shown in Fig. 13.9. A reasonable 
working stress for this detail would be 16,000 Ib. per sq. in. in both inclined bars 
and stirrups. The minimum spacing of links, allowing 2 in. clear between pairs, 
is 22 in. 

Four 14-in. diam. bars at 30 deg., at 16,000 lb. per sq. in. = 39,300 lb. 


0°4416 X 27°6 X 16,000 __ 71,000 lb. 


279 110,300 lb. 


Pairs of 3-in. diam. stirrups at 2?-in. centres = 


Reducing the stress in the steel from 16,000 to 12,000 lb. per sq. in. reduces the 
calculated shear resistance from 110,300 to 82,900 Ib. 

The bottom end of the beam must be properly anchored. On solid rock no 
problem arises. On other types of soil the tying-in bars must pick up a sufficient 
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area of floor to keep the shear-friction stress under the floor slab within safe limits. 
At a safe figure of 1,500 Ib. per sq. ft., a reaction of 82,700 |b. needs an area of 
10 ft. by 5 ft. 6 in. and the arrangement in Fig. 13.9 would be ample. On a weaker 
site the reinforcement in the floor slab must be sufficiently strong to carry part of 
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27 
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LLL IT 


461%" 
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the reaction further in towards the centre of the floor. The tying-in steel shown 
in Fig. 13.9 consists of four 1}-in. diam. bars running more or less straight into the 
floor and two I-in. diam. bars marked X at about 30 deg. The resolved tension 
is, say, 
4 X 129° 12/0001—156,000 li 
4 X 0°785 X 12,000 X 0°75 = 28,300 |b. 
87,300 Ib. 


The difficulties with this arrangement lie in the construction. The reinforcement 
skeletons for the beams must be assembled, erected, and held firmly and accuratel 

in place before the floor is concreted. The shuttering for the wall slab and beste 
should be so designed that there is an interval of not more than 3 or 4 hours between 
concreting the floor and concreting the lower part of the wall. Ideally, the floor 
and wall up to the point of zero shear in the beams should be conere in one 
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continuous operation, but this would entail shuttering a considerable area of the 
top surface of the floor, a practice which is not usual in this country. No normal 
specification would allow a straight construction joint in a floor beam at the face 
of the column with a total shear of 82,700 lb. in the beam, as is the case here. 

Designers who have little experience of practical construction should consider 
this point carefully before adopting this form of construction. If delays to con- 
creting are unavoidable the cross-section of the beam may be increased, to reduce 
the shear stress on the bottom construction joint to about 100 lb. per sq. in., or 
the designer may revert to the plain slab design in Fig. 13.6, where the shear force 
of 10,670 lb. comes on a lever-arm area of 12 in. by 22°5 in., giving a shearing 
stress of less than 40 lb. per sq. in. 


Mesh-panel Walls 


Unlike mesh-panel roofs, where standard practice has clearly indicated the 
moment coefficients that should be used, mesh-panel walls have not been used 
sufficiently often to establish any standard practice. There is, in fact, one very 
good reason why a single standard moment coefficient cannot be used and that 
is because there is no standard ‘ edge condition’ at the top edge or bottom edge 
of the panel. 

In Fig. 13.10 the elevation of a mesh-panel wall of height / and span / carrying 


A pS { 


P a 
= 
ROCK IBS ELEVATION | CLAY 
A~A Aq has B-B 


See hlON C=C 
Fig. 13.10. 


a triangular load P, where P = }f,hl, is shown, the width / lying between o-gh 
and 11h. The edge conditions along the vertical edges are equivalent to their 
being fixed in position and direction since the panels are, in practice, invariably 
made all the same width. Section C-C shows the type of horizontal section these 
conditions will produce, although the value of A will not be known until the edge 
conditions along the top and bottom edges of the panel are determined. Section 
A-—A shows a vertical section, assuming that the tank has a stiff roof slab carrying 
very little load (an unlikely combination) and that it sits on an unyielding rock 
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foundation. Under these conditions the panel approximates to the condition of 
being fixed in position and direction on all four edges and could be designed for 
unit moments of -+ ;4;P and — ;!,P at centre and supports. Section B-B shows a 
vertical section, assuming that the roof slab is flexible and heavily loaded and that 
the load on the foundation tends to spread towards the centre of the tank. The 
twisting of the top and bottom edges of the panel increases the central deflection 


W Ww Ww 


IL L E 5 is 
Fig. 13.11. 


A and affects the moments in the panel. If the moments imposed on the top and 
bottom edges by the roof and floor are approximately equal to + ;';P, the panel 
may be designed for + ;;P and —+/;P. If the twisting at top and bottom is 
more severe than this, then the design should be modified or, possibly, some other 
form of construction should be adopted. 

The condition at the top and bottom of the wall panel in Section B-B in Fig. 13.10 


| 
15-0" x 15'-O" 


5-0” 


et 
ROCK 10 


Fig. 13.12. 


CLAY 


is not ‘ continuous ’ in the accepted sense of the word, for the loading on the roof 
is downward, the loading on the wall is outward and the loading on the floor is 
upward. The roof, wall and floor are only ‘ continuous’ in the sense that the 
continuous beam shown in Fig. 13.11 is continuous. In such a beam under such 
loading, the moment at the points of support is zero, the midspan moments being 
gwL*; each span, in effect, behaving like a freely-supported beam. 

A preliminary design for a tank measuring 15 ft. by 15 ft. by 15 ft. is shown 
in Fig. 13.12. The floor, walls and roof may be designed as mesh-panels. 

Before the moment coefficients to be used in designing the walls can be decided 
the loading on the roof and on the floor must be considered. 
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Roof slab. Load: self-weight: -84 Ib. per sq. ft. 
imposed load: 25 lb. per sq. ft. 
say 110 lb. per sq. ft. 


The moments in the roof slab are almost invariably modified by the introduction 
of at least one access manhole. Provided this is small (say 18 in. by 18 in.), the 
roof slab may be designed to resist moments of + 34;W, or for a larger manhole, 
say -t y'sW, where W is the total load on the roof panel. For openings larger 
than 24 in. by 24 in. the idea of mesh-panel construction should be abandoned, 
the roof slab being designed as a simple span. 

With 1}-in. concrete cover a 6-in. slab is rather thin for mesh-panel work and 
a minimum thickness of 7 in. has been taken here. 


W = 15 X 15 X 110 = 24,800 Ib. 


W 8 
M=say + cr + “he te = 16,500 lb.-in. per foot width. 
Minimum d required for a resistance moment of 60bd? = 4-78 in. 
A Ss gBy500 = 0°32 sq. in.; say 4-in. diam. bars at 7-in. centres. 


12,000 X 0°86 x 5 
Total pressure on wall panel = $ x 15 X 152 X 62°5 = 105,500 lb. 
105,500 X 12 
24. = 
Minimum d required for resistance moment of 60bd? = 8-56, say g in. 


52,800 lb.-in. per foot width. 


On a rock base, unit M = say +- a = + 


52,800 


A,, near outside face = (Sidon ne : = 0-488 sq. in. 


A, near inside face, at 12,000 lb. per sq. in. = 0-731 sq. in. 

The reinforcement is shown in Fig. 13.13. In Fig. 13.13 bars GQ and D are 
8-in. diam. bars at 7-in. centres. Corner bars B and H are 8-in. diam. bars at 
5-in. centres. The reversed moment at the top edge of the wall panel will be small 
(see Fig. 13.4) and bars G are }-in. diam. bars at 6-in. centres. Bars E and F 
pick up the ends of bars C, which are too long to be turned over at the top. They 
need not be more than one-half of the area of bars C and }-in. diam. bars at 7-in. 
centres are ample. Bars A are 0-3 per cent. of 9 in. by 12 in. 

On a rock base the centre of the floor slab may be thinned out as shown in 
Fig. 13.12. This is generally not worth while for a small tank. In Fig. 13.13 a 
floor of uniform thickness is shown. 

For the tank on a clay foundation a larger moment coefficient must be used 
for the wall panel, something between ;1;P and ;;P. Subject to a final check 
when all the moments have been worked out, f may be assumed as + 3'5P for 
a preliminary design. 

ieee =a 105,500 X I2 


20 20 


= 63,300 lb.-in. per foot width. 


Minimum d required for resistance moment of 60bd? = 9:36, say 10 in. 
63,300 
18,000 x 0°86 x 8 


A,, near outside face = = O-612 sq. in. 


A, near inside face, at 12,000 lb. per sq. in. = 0-766 sq. in. 


L 
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Bars L are 8-in. diam. bars at 4}-in. centres, while bars N are 3-in. diam. bars 
at 7-in. centres. 

Assuming that the water pressure on the floor and the self-weight of the floor 
slab pass directly to the ground, the effective upward load on the floor slab is 


Roof: say 17 X 17 X 100 = 28,Gn07lb; 
Walls: 4 X 15 X 15 X 125 = 112,500 lb. 
141,400 lb. 


Sang ev.5" crs. 
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Fig. 13.13. 


Assuming that this load is evenly distributed over an area of 17 ft. bya jitter 
is a load of 490 lb. per sq. ft. 
Total effective upward load on floor slab, W= 15 Xx 1 5 X 490 = 110,000 |b. 


This load will be effective whether the tank is full or empty. Filling the tank will 
decrease the edge moments but will increase the central moment. The floor slab 
may be designed for +34;W and —,.W. 


I 
Central M = — aa = 44,000 lb.-in. per foot width. 
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_——4{4,000 


Ate =o _ in, 
; 12,000 X 0°86 x 8 a Te a 
Edge M = = % 12 == 36,600 Ib.-in. per foot width. 
6,6 
A, sa - == 0:296 sq. in. 


* 18,000 X 0:86 X 8 


The top detail of the wall in the right-hand side of Fig. 13.13 will be similar 
to the detail in the left-hand side. The bars in the roof slab are }-in. diam. bars 
at 7-in. centres or, say, 24 bars in each direction, those bars which would normally 
cross the manhole being placed at each side of it. This completes all the work 
necessary for a preliminary design. 

For a final design the centre-line dimensions are fixed from the given internal 
dimensions. The total pressure on the wall slab will generally be less than the 
figure already taken, since the top water level is usually several inches below the 
roof. 

On a clay foundation the calculated edge moment in the roof slab is 16,500 lb.-in. 
and the calculated edge moment in the floor slab is 36,600 Ib.-in., while the cal- 
culated moment in the wall panel is + 63,300 Ib.-in. In view of the positive edge 
moments it would be safer to increase the central moment in the wall panel to ;';P. 

As in all mesh-panel work the designer should start with full-scale bar-spacing 
sections to make sure that each layer of bars has its own definite location and cannot 
interfere with any other layer. The effective depth may be taken as the average 
effective depth of the two layers. In a g-in. wall reinforced with 3-in. diam. bars 
in both directions and having 14-in. concrete cover, the effective depth may be 
taken as 6% in. If the requirements of CP.2007:1960 are being observed, the 
thickness of the walls will be not less than g in., in order to take advantage of the 
higher allowable stresses. 

Looking at Fig. 13.13 from a common-sense viewpoint, the author would reduce 
the spacing of bars C and D to 6 in. and increase the spacing of bars B and H 
to 6 in. 

In the final design notice must also be taken of the direct tension due to the 
bursting pressure. The reactions round the edge of a mesh panel of uniform elastic 
material may be calculated for various edge conditions, but the edge reactions of 
a mesh-panel of reinforced concrete under the conditions of support in Fig. 13.12 
are unknown except, of course, for the fact that the centre of gravity of the combined 
reactions must coincide with the centre of gravity of the loading. For a square 
panel L ft. by L ft. carrying a triangular load which varies from zero at the top 
edge to pL at the bottom edge, as a first approximation a uniform reaction of 
0:0625pL2 may be assumed along the top edge, 0-1875pL? along the bottom edge, 
and side reactions varying uniformly from 0-0625pL* at the top to 0-1875pL? at 
the bottom. If L = 15 ft. and p = 62°5 lb. per cu. ft., reaction along the top 
edge = 880 lb. per foot, and reaction along the bottom edge = 2,640 Ib. per foot. 
A tension of 880 lb. per foot on a 7-in. slab causes a tension of 10°5 lb. per sq. in. 
in the concrete. Taking one-half of the tension on the tensile steel at 12,000 lb. 
per sq. in., an additional area of 0-037 sq. in. is required. Halfway down the 
wall the horizontal tension is 1,760 lb. per foot or 16-3 lb. per sq. in. on a Q-in. 
slab. Half this tension, at 18,000 lb. per sq. in. requires an additional area of 
steel of 0-098 sq. in. 
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Mesh Panel, Freely Supported 


A solution to the problem of a rectangular slab freely supported at all four 
edges and subjected to triangular loading, derived by Navier’s method, is given 
in ‘ Handbuch fiir Eisenbetonbau’. 


| ee MOMENTS IN THE DIRECTION x 


Fig. 13.14. 
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MOMENTS IN THE DIRECTION y 


Fig. 13.15. 


For a square slab the coefficients of the moments at different points in 
the two directions are shown in Figs. 13.14 and 1 3.15. It should be noted that 
M = pa* x coefficient, in which a is one-half of the length of the side of the square 
and p is the maximum intensity of the triangularly-distributed load. 

For freely-supported rectangular slabs under triangular loading, the coefficients 
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for the moments on the horizontal centre-line (AA) for various ratios k = b /a are 
shown in the following table. 


Moments IN DIRECTION x. 


; k= 0:95 0-33 0:50 0-67 | 1-0 IF i) 2:0 3:0 4:0 | © 
: | | | 
| —— | 
0°50 | 0:00004 | 00009 | 0:0063 , 0-0176 | 0:0528 | 0:1068 | 0°1474 | 0°1957 | 0-2212 | o-5 
1:00 | 0:00006 | 0:0013 | 0-0088 | 0:0248 | 0:0738 | 0°1453 | O'1930 | 0°2344 | 0-2459 | 0:25 
Moments 1N DirRECTION ). 
+ | k = 0:25) 0°33 0°50 | -0:67 To om 1°5 2:0 3:0 | 4:0 | @ 
0°50 | O-0115 | 00196 | 0:0368 | 0-0506 | 0-0622 | 0:0576 | 0:0460 | 0:0296 | 0:0183| o 
1:00 | 0:0154 | 0:0260 | 0:0483 | 0:0646 | 0-0738 | 0:0557 | 0:0353 | 0-0113 | 0-0010 oO 


In each case the moment (M) = pa? X coefficient. 

The moments are such that tension is produced at the outer face of the panel 
if due to internal outward pressure, and compression if due to external inward 
pressure. 


Mesh Panel Supported on Three Edges 


Normally a mesh-panel wall slab is supported along its upper edge either by 
the roof slab or by a top beam spanning from counterfort to counterfort. Since 
the maximum loading and maximum moments occur in the lower part of the panel 
it is possible, although not always desirable, to omit the beam (or other supporting 
member) at the top edge of the panel. An analysis of this case, assuming that 
the panel is fixed in position and direction along its bottom edge and along both 
vertical edges but completely unsupported along its top edge, was given by J. F. 
Biichi in ‘ Beton und Eisen’ for April 20, 1938, and was noted in ‘ Concrete and 
Constructional Engineering’ for July 1951. ‘The curves in Pig. 13.16 are based 
on this method and give the bending-moment coefficients for various ratios of length 
to height of such walls. 

In accordance with this method the maximum bending moment My at the 
vertical edges of a panel is ;4;a)/7 on an imaginary horizontal strip of unit width, 
if p) is the pressure at the bottom of the wall and / is the length of the panel. This 
bending moment occurs on a strip at a height of one-quarter to two-thirds of the 
depth h/ of the tank; the greater the length compared with the depth the higher 
the point of maximum bending moment. 

The bending moment, horizontally, at the middle of the wall is about half that 
at the corners at the same height. 

The maximum bending moment M, on a vertical strip of unit width is {Bph? 
and occurs at the middle of the bottom edge of the panel. 

The coefficients « and £ depend on the ratio m (= //h) and are given by 


4 Seas 
a=(1- 2) nel p= 7a 8s, 
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The curves give values of ya (= «’) and $6 (= ") for various ratios of 1/h. 
This method is not applicable to panels having ratios of //h of less than one-half 
or greater than two. A tall narrow panel, that is a panel having a ratio of less 
than one-half, tends to span entirely horizontally, and the maximum bending 


: G 1 
moment occurs near the bottom and will approach 7;f)/?, that is ® = 1, and a’ = +5. 


0:20 
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Fig. 13.16. 


A long low panel, that is a panel having a ratio of greater than two, tends to act 
entirely as a vertical cantilever, the maximum bending moment at the bottom being 
4p ,h*, that is B =1 and f’ = }. 

The curves are drawn so that they tend to approach these limiting values of 
a’ =, and B’ = } but conform to ;4;« and 46 respectively for the intermediate 
range of //h = } to 2. 

It must be noted that this analysis applies only to the case where the bottom 
edge of the panel is fixed in position and direction. ‘The imposition of a positive 
bending moment on the bottom edge of the panel will modify the moments in the 
panel in both directions. 


CHAPTER FOURTEEN 


USE OF SEGMENTAL ARCHES IN RESERVOIR 
WALLS 


THE modern insistence on low tensile stresses in concrete and steel has made the 
use of the arched type of wall shown in Fig. 14.1 more attractive, since the primary 
stresses are simple direct compressions. If, however, the small arches are too flat 
or the counterfort is too flexible the resulting ‘ crown-drop ’ effect may cause tensile 
stresses which exceed the primary compression stress. 

When the arch occurs in the centre of a long straight wall the loading on the 
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Fig. 14.1. 


counterfort (or vertical beam) is clear and the effect of the deflection of the counter- 
fort on the stresses in the arch, acting as an arch, is zero. 

When the arch occurs in a circular reservoir the loading on the counterfort is not 
equal to 0.5wH? x (spacing of counterforts). Part ofa circular reservoir is shown in 
Fig. 14.1, in which the principal radius of the reservoir is R and the radius of the 
small arches is ry. In Fig. 14.1 the line AB is drawn tangential to two consecutive 
arches. The thrust in each arch at points A and B is parallel to the line AB and the 
total load on each counterfort is 0-5wH? x (length AB) and not o-5wH? x (length 
ED). By geometry AB = A’B’, which is the distance between consecutive arch 
centres. In Fig. 14.2 a corner counterfort in a square reservoir is shown. The load 
on this counterfort is 0-5wH? x (length AB) and here again AB = A’B’, which is 


the distance between the arch centres. 
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First, the case of an arch in a straight wall shown in Fig. 14.3 will be considered. 
Assuming that the main corners of the reservoir are firmly held by stout counterforts 
(see Fig. 14.2) and the bottom floor of the reservoir does not stretch, the span ED 
will remain constant. The primary stress due to water pressure is a simple com- 
pression, say F,. This state of compression causes a shortening of the arch which 


Al 


Fig. 14.2. 


=| 
Fig. 14.3. 


induces severe crown-drop moments and crown-drop tension. This tension reduces 
the primary compression stress F, to a smaller residual compression stress i 
uniform stress of f, would cause a shortening of the arch equal to f,/E,. If Jats 
300 lb. per sq. in. and E, = 3,000,000 Ib. per sq. in., the arch will shorten one 
ten-thousandth ofits length. If the crown-drop tension is T'Ib. per foot height of wall, 

(area of section) °  y2t 


Values of M,, Mg and T for different values of @ are given in Fig. 14.4. 
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jie 

If 0 = 30 deg., T = 593fe = Ib. per foot of height, 
r 

IP 


(area of section) 


. 2 : 
If ¢=6 in. and r = 120 in., then 49'5f, (<) = 0124 f,. 
’ r 


and 


ie I (oe! ‘ 
S00 <,  195 ss (;) per sq. in. 


For these values of t, r and 6 then f, = F, — 0-124f,, or f, = 0°80F,. 

If the primary compression stress F, in an arch with these particular dimensions 
is 200 Ib. per sq. in. the crown-drop tension will reduce this to 

FS, = 0°89 X 200 = 178 Ib. per sq. in., 

Ift = 6 in., r = 120 in., 0 = 30 deg., and the maximum effective water pressure 
is due to a head of 20 ft.: 
Primary compression in arch per foot of height = 20 x 62°5 x 10 ft. = 12,500 lb. 

12,500 


He S54 Tb, _ in. 
ear 174 lb. per sq. in 


3 
T (from Fig. 14.4) = 593 fox Ib. per foot of height 


63 
= hOt7, x nat Ib. per foot of height 
ee ee : 
Te OL BEE: Tags 6 ae 


= o-re4 |, Ib. per sq. am 
SJ, = F, — o-124f, or f, = 0-80F, 
== 0°39 K 174 — 155 lb. per sq. im: 


3 3 
i 52°6f.— and M, = 268f— (Fig. 14.4). 
rT 
a= ; 3 
My = 52°6 X 155 X =. = 14,700]b.-in. per foot of height. 


Stresses due to this moment = +14,700 X a = +204 Ib. per sq. in. 
; I 


Adding the direct compression of 155 lb. per sq. in., the stress at sections E and 
D varies from a tension of 49 lb. per sq. in. on the water face to a compression of 
359 lb. per sq. in. on the earth face. Similarly at the midspan point C the stresses 
are +155 + 104, or +259 to +51 lb. per sq. in. 

It is, of course, permissible to allow a calculated tensile stress of about 300 Ib. 
per sq. in. in the concrete, but if the object of the designer is to eliminate all tension, 
the adoption of flat arches tends to defeat this primary aim. 

If t = 6in., r = 120 in., 0 = 45 deg., and the maximum effective head of water 
pressure is 25 ft.: 

Primary compression in arch per foot of height = 25 X 62:5 X 10 = 15,600 lb. 
15,600 
es 6 


—2ieloe per sq. in; 


3 
T (from fig. 14.4) = 11655 fos Ib. per foot of height. 
i 


3 
= ro hi S : ao 00243 f, lb. per sq. in. 
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Sc = F, — 0:0243f,, 
or Jo = 0°975F,, = 0°975 X 217 = 212 Ib. per sq. in. 


, 3 
Also from Fig. 14.4, Mg = 22:4 f,- and M, = rey eas 
r r 
3 


6 
May = 22°4 X 212 X oa 8,550 lb.-in. per foot of height. 


: 6 
Stresses due to this moment = +8,550 x er Gt al +119 lb. per sq. in. 


12} OK 
= 0:56f.. 
The stresses at Sections E and D are (+212 + 119) or +331 to +93 lb. per sq. 
in., and there is no tension anywhere in the arch. 
In arched bridges not only must allowance be made for this crown-drop effect but 
also for shrinkage and fall of temperature (that is, assuming that the arch contracts 


le = geometrical moment of inertia of ee 
section halfway up counterfort aoa 
A = deflection at top end of tapered 
cantilever counterfort 
3 
Reps i y 
Ecle 
0-060 
| 0-040 
J 
0-020: 
(e) 


and the abutments do not move). Ina reservoir the shrinkage should be negligible. 
The range of temperature should be small and will probably affect the whole wall. 
Even if these effects are neglected there is a calculated tension of 49 lb. per sq. in. 
in the foregoing example of a segmental arch, where 6 is only 30 deg. and the 
writer would not recommend the use of such flat jack arches, even in a straight wall. 
In the second example where 6 = 45 deg. the calculated minimum compression is 
93 lb. per sq. in. 

Returning now to the curved wall shown in Fig. 14.1, any deflection or backward 
movement of the counterforts will increase the radius R and will increase the span 
ED pro-rata. If the counterforts sit on solid rock the only outward movement 
is their deflection. Many counterforts are tapered in elevation and in Fig. 14.5 
the calculated deflection at the top end is given for different ratios of d4 to dg. 
If the top ends of the counterforts in Fig. 14.1 move out 0°05 in. and the main 
radius R is 50 ft., the proportional increase is 1 /12,000, equivalent to the shortening 
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due to a primary compression stress of 250 lb. per sq. in. in the small arches. This 
effect is a maximum where the water pressure is zero and is zero where the water 
pressure is a maximum. If, as before, ¢ = 6 in., r = 120 in., and 6 = 45 deze 
equivalent F, = 250 lb. per sq. in. 

Equivalent f, = 0°975F, = 244 Ib. per sq. in. 


. oe : 
(= 1165 fe; and M,;= 22°4 fo (see Fig. 14.4). 
uf : 


The stresses at E and D at the top of the wall are 
—(0-0243 X 244) + (0°56 * 244) = —143 to + 131 Ib. per sq. in. 

(tension on water face). If the same values of ¢ and r are retained but @ is reduced 
to 30 deg., these stresses become —320 to +264 lb. per sq. in. These stresses are 
due solely to the outward movement of the top of the counterfort and reach this 
maximum value where the water pressure is zero. 

In a square reservoir the outward deflection of counterforts next to those at 
the corners raises a problem (see Fig. 14.2). One of them moves say northward 
and the other moves west, while the corner counterfort moves north-west. The 


Fig. 14.6. 


case of one counterfort moving away from the next and thus increasing the span 
has already been discussed. If one counterfort moves behind the line of the other 
by an amount dY, as shown in Fig. 14.6, this will cause neither moment nor thrust 
at the crown section C but will induce a shear force F which is approximately equal 


3 
to oR IS. Writing 2 ‘per foot 7 12, 6¥(=) . If£, = 3,000,0007nF 


per sq. in., ¢ = 6 in., and L = 144 in., F = 2,600 OY Ib, per foot of height wean 
the moments Mg and Mp would be numerically equal to 2,600dY x 72 \|b.-in. 

If 6¥Y =0-05 in. then My = 9,350 lIb.-in. This would cause stresses of 

9,350 X 6 

T2050" 
need to provide stiff counterforts with walls of this type and the need, in general, 
for strongly reinforcing the top part of the wall in addition to the bottom. 

Ifa circular reservoir, as shown in Fig. 14.1, is on very soft ground and the floor 
is carried on long vertical piles, the feet of the counterforts are held in position by 
tensile stresses in the floor. Under these stresses the floor must stretch and the 
counterforts move outward. If the average tensile stress in the floor is F,’, the 
proportional increase in the span ED is F,’ /E,. 

If the primary compression in the arch due to applied water pressure is F 


. . . oe 
the stretching of the floor will increase the moments and tensions in the arches 


= +130 lb. per sq. in. at D and E. This result emphasizes the 
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100 lb. per sq. in., with ¢ = 6 in., r = 120 in. and 6 = 45 deg. (all as in the previous 
example), 


in the ratio If F, = 300 lb. per sq. in. at the base of the wall and F,’ is 


Se = 300 X 0°975 = 293 Ib. per sq. in. and 
Se. = 100 X 0°975 = 97°5 lb. per sq. in. 
Stresses at points E and D are as follows. 
At base of wall: +293 + 0°56(293 + 97°5) = +510 to +74 Ib. per sq. in. 
Half-way up wall: +146 + 0-56(146 + 97:5) = +283 to +10 lb. per sq. in. 
At top of wall: o + 0-56(0 + 97:5) = +55 Ib. per sq. in. 
To these must be added the stresses caused by the outward deflection of the top end 
of the counterfort, which have already been calculated (assuming a deflection of 
0°05 in.). Combining these conditions the total stresses at the top of the wall 
are as follows: 
On water face at E, —55 — 143 = —108 lb. per sq. in. 
On outside face at E, +55 + 131 = +186 lb. per sq. in. 
From the values in Fig. 14.4 the maximum allowable deflection at the top end 
of a cantilevered counterfort in a circular reservoir of the type shown in Fig. 14.1 
can be calculated. 
Rigite—o0 it. —= 600 in., r= 15 ft. = 180 in., ¢ = 6.in,, and 6.— 30 deg,, and 
the deflection of top end of counterfort is A in., from Fig. 14.4, 
3 


3 Pea 
T= 593fe3 = 503f. X 5 = 3°95f 


3°95fe 
6X12 0-055 Se. 


=F, —0:055f-. Thus F, = 1-055 f.. 


Tensile stress due to f, = 


= 3 3 
Also from Fig. 144; Mg = 52-6f,- = 52°6f, x ao = 63 fy 
r 
Tensile stress due to My = 63/f, X oe = O-070). 


Total tensile stress (on water face) = — 055 Se + 0:876f, = 0:931f, = 0°885F,. 
Equivalent F, corresponding to increase in radius (and increase in span ED) 


2 Ae 1 ee A 
ag 000-0086 = — 3,000,000 x ae 

If the maximum calculated tension is limited to 300 lb. per sq. in., 0°885F, = 300, 
and as F, =5,000A, the maximum allowable A is 0-068 in. If therefore the 
outward movement of the top of the counterfort exceeds 0-068 in., the calculated 
tension in the arch at the top of the wall will exceed 300 lb. per sq. in. on the water 
face at points D and E. All the effects so far discussed tend to create tension on 
the outside (earth) face at midspan. The position of the horizontal reinforce- 
ment necessary is shown diagrammatically in Fig. 14.7. 

So far these arches have been treated as walling units spanning from counterfort 
to counterfort and the counterforts have been considered as rectangular beams, but 
the arches and counterforts must act together and the lower part of the arched wall 
should have substantial vertical steel well anchored into the reservoir floor. 

When the tank is empty earth pressure on the outside face causes tension in the 
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small arches, but under these conditions the arch is not a ‘ water-containing ’ 


structure. 
Segmental arches may be constructed on the slope, as shown in Fig. 14.8. This 


is a small-scale adaptation of the Ambursen dam. If W is the total weight of the 


Fig. 14.7. 


+t 
7} 


arch and wall and P is the total water pressure, the angle ¢ should be chosen so 
that the resultant R obtained by combining W and P passes close to the centre 
of area of the foundation. If the width B is constant the resultant should pass 
within the middle-third of L. 


Fig. 14.8. 


CHAPTER FIFTEEN 


SPLAYED FLOOR AND WALL SLABS 


In designs prepared prior to 1914, many continuous main beams were strengthened 
with splays or brackets at the internal columns. Occasionally, when the loading 
was uniform, the idea was extended to floor slabs or wall slabs such as in the case 
of retaining walls, square silos or tanks. These splays were about 0-167 times the 
span in length at each end, having the middle two-thirds of the span of uniform 
depth: the depth of the splays was such as to make the overall depth at the support 
1'5 to 2:0 times the depth at midspan. The practice had largely died out by 1920 
but the idea may well be re-introduced if the present insistence on low calculated 
tensile stresses in the concrete continues. 

According to CP. 2007:1960, at the midspan section with compression on the 
water face, working stresses of 1,200 and 18,000 lb. per sq. in. are permitted with a 
safe moment of resistance of 250 bd,?, if the slab is 9 in. or more in thickness. 

Using a g-in. slab with 1-5-in. cover and 3-in. diam. bars, d, = 7°125 in., 

Safe M = 250 X 12 X 7°1257 = 152,500 lb.-in. per foot width. 
If a slab of constant thickness is used the safe resistance moment with tension on 


9'-O”" 9'—O” 9” xX | 4'-6" 


L 27'-0" 


Fig. 15.1. 

the water face is only 60bd? or 60 X 12 X 9? = 58,300 lb.-in. per foot width. 
Since the value of the moment at midspan is only ;4;wZ? while the moment at the 
support is ;),wZ?, the resistance available for the reversed moment is only 19 per 
cent. of what is required. If the thickness of the slab at the support is increased, 
the distribution of the bending moment is disturbed. With no splays the reversed 
moment is 0:083wZ?. With splays 0:167Z long and such that d, (the overall depth 
at the supports) is twice dg (the overall depth at midspan), the reversed moment 
is 0-097wL?. With splays 0-33Z in length and with d, = 4dc, the reversed moment 
iso:114wL?. In Figs. 15.1 and 15.3 an extreme design is shown for a splayed section 
slab to carry a 10-ft. depth of water over a span of 27 ft. and the corresponding 
uniform section with the same loading and span. 


In the splayed slab, = 5 = 3°78. Length of splay = 9 ft. = 0°33L. 
C 


170 RESERVOIRS AND TANKS 


From tables, reversed M = o-114wZ? (see Fig. 15.2). Positive moment at 
midspan = o-o11wL?. This is a very low figure and it is recommended that any 


847,000 li-in, 


Fig. 15.2. 


such case should be designed for not less than ~;wL? or o-0209wL?. The weight 
of the splays comes near the supports and scarcely affects the moments. 


2 . 

== (625 + 175) xX 27? ‘ = 146,000 lb.-in: 
146,000 . 

Ay = = > > batters 

18,000 X 0°83 X 7°125 "Siege 


say #-in. diam. bars at 4-in. centres. 
Reversed M = 0-114 X 800 X 27% X 12 = 796,000 |b.-in. 


Minimum d for resistance moment of 60bd? = (on eee == 99°9 in, 
60 X 12 
Ay = eee ees 1232) Sqeetn 


12,000 X 09 X 32 


With a slab of uniform thickness the reversed moment is ~,wL? 


= (625 + 413) X 27? X 4% = 756,000 |b.-in. 


Minimum d for resistance moment of 60bd? = i HOE =: 20-4 ine 
60 X 12 
: 8,000 
Ay at midspan = ——37™ = 0-75, sq. in. 
s¢ at midspan 8 ooo See 0°75 sq. in 
A, at support = — 158;comm ==2:96 sq. inv: 


12,000 X 0'9 X 31 
say I-in. diam. bars at 4-in. centres. 


Details of these two designs are shown in Fig. 15.3. The quantities of concrete 
and steel required per foot length for the splayed section are 39 cu. ft. and 346 lb., 
respectively. For the uniform section the equivalent values are 74 cu. ft. and 
330 Ib., respectively. The shuttering for the uniform section would be simpler but 
heavier and the extra dead weight (195 lb. per sq. ft.) might increase the cost of 
the foundations. 

On figures then, the splayed section is much the cheaper but the reader is advised 
not to use such heavily-splayed sections until he has studied their behaviour as 
continuous beams and as members of structural frames. (All the necessary Cco- 
efficients can be found in the writer’s ‘ Frame Analysis ’.) 
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If the splay is restricted to double the depth at midspan and a minimum thick- 
ness of g in. is observed, the section shown in Fig. 15.4 is obtained. The reversed 
moment (from tables) is 0-102wZ? and the moment of resistance, with a tensile 
stress of 300 lb. per sq. in., is about 


60 x 12 X 182 = 234,000 Ib.-in. 
Or ~  ologwh? X 12 = 234,000 lb.-in. 


This slab will therefore carry a 10-ft. depth of water over a span of 16 ft. or a 20-ft. 
depth of water over a span of 11 ft. 9 in. 
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Fig. 15.3. 
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Fig. 15-4. 

If the Code requirements are ignored and permissible stresses of 1,200 and 
16,000 lb. per sq. in. are adopted for the reversed moment, a 16-in. slab will carry 
a 10-ft. depth of water over a span of 27 ft., against the 33-in. slab, shown in Figs. 
15.1 and 15.3, needed to comply with CP. 2007: 1960. 

In addition to vertical loading, most suspended floors have to carry some direct 
tension from the walls of the tank and the design must be strengthened as necessary 
to take the additional stresses. 

When dealing with a uniform section it is only necessary to check the maximum 
value of the reversed moment. When a deep splay is provided, at least one inter- 
mediate section such as Section X—X in Figs. 15.1 and 15.2 must also be checked. 

If, instead of increasing the strength of the support section the process is reversed 
and the bending strength is reduced to zero by introducing a construction joint 
with no top steel at this point (as in Fig. 15.5), the moment at midspan will be 
4wL?. To carry a 10-ft. depth of water over a span of 27 ft. with stresses of 1,200 

M 
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and 18,000 lb. per sq. in. will require a 20-in. slab reinforced with 13-in. diam. 
bars at 3}-in. centres. 
Generally speaking the writer is not greatly in favour of splayed sections but 


Aluminium foil strip 
set in bitumen | 
Asphait | Copper V-strip 


27'—O" span 


Fig. 15.5- 


in actual practice so many different considerations may influence a decision and so 
many local difficulties may arise on site (particularly in under-developed countries) 
that occasions must occur when they offer the best solution. 


CHAPTER SIXTEEN 


RESERVOIR FLOORS 


All the designs of floor discussed in the following have been built and have proved 
successful on many sites. Most, if not all of them, have given trouble on other sites. 
In a few cases the ground may have been softer, more variable or more easily com- 
pressible than anticipated, imposing bending moments and shearing forces on the 
floor slab, for which it was never designed. In many cases this is clearly not the 
explanation and the success (or failure) of a particular floor has led engineers to 
recommend (or condemn) the design to which this particular floor was built. 
From the general disagreement that has ensued it is clear that there must be other 
important factors that some engineers have failed to take into account in jumping 
to a conclusion and arguing from the particular to the general. These factors 
are discussed later when the main types of floor have been described. 

It is much easier to clean out a tank or reservoir if the floor is laid to a fall. 
A slope of 1 inch in Io feet is sufficient. In forming a sump or drainage trench no 
backfilling of earth must be allowed. Wherever soil has been removed in excess 
of the net volume occupied by the reinforced concrete walls, this excess must be 
filled back with mass concrete. 


SUPPORTED FLOORS 
Floors on Good Ground 


Good ground includes very hard strata where no measurable settlement will 
develop and fairly hard strata where the settlement will be very small and (more 
importantly) uniform over the whole site. In either case the floor slab carries no 
effective structural loading and is free from structural bending moments. A 5-in. 
thickness of 1: 14: 3 concrete, if not too dry and not too wet, is non-porous for a 
head of 10 ft. of water while a 6-in. slab is non-porous for a head of go ft. and a 
7-in. slab for a head of go ft. These are conservative figures based on practice 
and are not taken from small-scale laboratory research. It is a simple matter 
therefore to ensure that the floor is non-porous. 

Only one problem then remains—the problem of dealing with shrinkage and 
movement due to temperature change. Shrinkage may be reduced by careful 
curing during the early life of the concrete but cannot altogether be eliminated. 
Shrinkage is a three-dimensional problem. With a 6-in. or 8-in. floor slab, vertical 
shrinkage seems to produce no adverse effects. For ease in screeding, floors are 
usually laid in strips 15 ft. or 16 ft. wide and there is both longitudinal and trans- 
verse shrinkage. ‘To add to the problem there is also the primary cooling shrinkage 
caused by the heat generated by the cement during the processes of setting and 
hardening. This may be a major problem in a really thick slab and is always 
a problem in a thick wall but is only a minor problem in a thin floor. 

Under average air storage conditions a total shrinkage of 400 x 10-§ may be 
expected, or 0-48 in. in a length of roo ft. after a period of 18 months. Only some 
5 to 7 per cent. of the total shrinkage develops in the first week after placing and 
only about 25 per cent. in the first month. 
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Laying a floor in alternate bays or in chess-board squares with seven-day intervals 
between placing alternate bays will eliminate 50 per cent. of the primary cooling 
shrinkage but does not control 95 per cent. of the hardening shrinkage. 

The figure of 400 x 10-° will clearly apply to a road slab where the provision 
of contraction joints at 60-ft. centres is not unusual. ‘The proportion of this value 
that may be eliminated in a reservoir floor depends on how well the curing is carried 
out during construction, the length of time the reservoir may stand empty, and what 
type of roof (if any) is provided. To estimate the magnitude of the effect assume 
that the shrinkage may amount to 200 X 107° or 0-24 in. in a length of 100 ft. 
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Fig. 16.2. 


(assuming that the floor slab is supported on a frictionless base and is absolutely 
free to expand and contract in both directions). 

There are two main schools of thought. The first of these is shown in Figs. 
16.1 and 16.2. Each bay of floor is completely isolated from adjacent bays and is 
mounted on a sliding layer so that it can (theoretically) expand and contract freely 
in all directions. The sliding layer might formerly have been tarred paper but 
would now probably be a sheet of some synthetic polymer. (Some polyester films 
wrinkle when laid.) 

If the bays are 50 ft. by 15 ft. as shown in Fig. 16.2, the joints will open 0-12 in. 
and 0-036 in. (assuming that the centre-point of each bay remains in its original 
position). Note that point x moves a distance 0-036 in. away from point y in a 
north-south direction and a distance 0-06 in. in an east-west direction, and the 
jointing material must be able to take up both of these movements. The jointing 
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material might have been fabricated from paper and bitumen but may now be 
foamed plastic. As the material is required to expand it must be placed in the 
joint in a compressed state. However good the jointing material may be and what- 
ever claims the makers may put forward, some additional safeguard (such as cover- 
ing the joint with aluminium foil set in thick bitumen paint) is usually wise. If the 
floor slab is 6 in. in thickness and weighs 75 Ib. per sq. ft., and is laid in bays 50 ft. 
long, the maximum tension per foot width occurs on Section B-B in Fig. 16.2. and 
is 25 X 75 X @, where wu is the coefficient of friction of the sliding layer. If yu is 
0-2, then the tension is 375 lb. or 52 lb. per sq. in. 

Since the steel bars forming the reinforcement grow shorter they are in com- 
pression. With a strain of 200 x 10~§, the stress induced is 6,000 Ib. per sq. in. 
This compression tends to resist the movement due to shrinkage. If an accidental 
construction joint was provided down the centre of the panel on Section B-B in 
Fig. 16.2, the steel would have to carry the tension of 375 lb. At 12,000 lb. per 
sq. in., an area of 0-031 sq. in. would be required. Under good conditions a floor 
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of this type may be reinforced with 3-in. diam. bars at 12-in. centres in both direc- 
tions. This is only 0-15 per cent. 

The second main school of thought is illustrated in Fig. 16.3. This school of 
thought, instead of making provision for free movement, as in Fig. 16.1, seeks to 
prevent general movement and, if cracks occur, to spread them as numerous very 
fine cracks too small to start corrosion or cause leaks. Assuming that the floor 
slab is anchored down to the layer of mass concrete and that this is anchored to 
the ground the strain in the slab is 200 X 10-8, Ifthe elastic modulus in tension 
is 2,000,000 lb. per sq. in. then the stress is 200 x 10-® X 2,000,000 = 400 Ib. 
per sq. in. Since the steel bars are neither longer nor shorter than they were 
originally there is no stress in them except at the construction joint. If the slab 
is 6 in. in thickness, the total tension per foot width is 6 x 12 xX 400 = 28,800 lb. 
If the steel may be stressed to 13,500 lb. per sq. in., 

4g°= ae S22 14. ud. if. 
while 0-3 per cent. of the area of the section is only 0-216 sq. in. If the floor is 
normally reinforced with 3-in. diam. bars at 12-in. centres top and bottom this 
gives 0-22 sq. in. Even if intermediate bars are added at the construction joints, 
the area is only 0°44 sq. in. 
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In a covered reservoir built on reasonably good ground it is easily possible to 
complete the walls and roof before the floor slab is laid. (The discharge from a 
concrete pump will pass through a small manhole.) The floor is then not only 
protected from wind, frost and sun during and after construction, but it can be 
flooded with water as soon as it is complete. If this reduces the effective shrinkage 
to 100 X 10-8, the stress in the concrete falls to 200 lb. per sq. in. If an area of 
0°44 sq. in of steel crosses the construction joint, the calculated stress in the steel 
would be 33,000 lb. per sq. in. Provided the floor were laid in bays not exceeding 
15 ft. by 30 ft. it would be sound under these conditions. 

It is clear from the genera! disagreement that exists and from the fact that there 
is no generally accepted standard practice, that the calculations prepared for the 
two types of floor give an incorrect or incomplete picture of what actually happens, 
and that there are other factors that must play an important part in the design 
and construction of reservoir floors. 

As an example of differing points of view in CP.2007:1960 a collection of no 
less than 17 different details are shown which may be used in making joints in a 
floor slab. From elementary logic it must follow that the enthusiastic exponent 
of any one of these types of joint must consider the other sixteen types either un- 
necessary or inefficient, and the collection in CP.2007 is by no means exhaustive. 
The technical description given to a particular joint cannot in any way influence 
the way it actually functions. Whether it is described as a ‘ construction joint ’, 
‘contraction joint’, ‘ expansion joint’, etc., will make not the slightest difference 
to how it behaves in practice. 

Possible factors not so far discussed include the concrete mix, the type of cement 
used, and workmanship. It has been found in practice that the effects of shrinkage 
are reduced to a minimum when a nominal 1: 14:3 mix is used; this has been 
discussed in Chapter 1. The type of cement used probably plays an important 
part. More site research is needed on this point. Any cement that becomes hard 
and brittle at an early age should be avoided. If it were possible to find a slow- 
hardening cement that would make a 1:13:83 concrete with a plastic yield in 
tension of more than 200 X 10~* under a tension of less than 200 |b. per sq. in. 
the problem of shrinkage would not arise. Examination of structures built well 
before 1914 suggests that they were built with cement of this type or cement having 
properties which produced the same effect. 

The major influence that workmanship can play was clearly demonstrated 
under wartime conditions when a number of structures were built by different 
contractors from identical drawings and specification. It was further demonstrated 
when similar buildings stood up (or failed to stand up) to bombing depending 
on the excellence (or otherwise) of their workmanship. 

Designing a sound floor consists not merely in choosing the right kind of joint 
and the right amount of reinforcement, but includes ensuring that all other con- 
ditions are as favourable as possible. On good ground, two-layer and three-layer 
floors should not be necessary if the specification is sound and continuous technical 
supervision is available. 

Gunite has been used, particularly in the United States, for the construction 
of reservoir floors. It produces a dense slab. From 3 in. to 4 in. is a reasonable 
thickness. Mesh reinforcement is recommended for this class of floor. Good 
practice in this method of forming the floor is exemplified by a recent case in which 


14 in. of gunite was put down first; on this the mesh was laid and a 2-in. coating 
shot on. 
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Floors on Patchy Ground 


Some types of glacial deposit are very patchy and may vary from sand to clay 
to shingle and back to sand within a length of a few feet. Although the maximum 
settlement may be very small, it may not be uniform and bending moments will 
then develop in the floor slab. The additional reinforcement required depends 
on the relative compressibility of the various types of soil, a subject about which 
little is known despite the fact that it is a major factor in road design. In the 
present state of ignorance the designer can only guess what amount of steel is re- 
quired and must decide, from a careful examination of the soil, whether this should 


Ye "Links 


GOOD BUT PATCHY GROUND 
Fig. 16.4. 


all be in one layer near the bottom of the slab or split into a top layer and a bottom 
layer. 

If a softer patch occurs under a joint the slab must cantilever at this point. 

If the variation is neither severe nor sudden, the detail in the upper part of 
Fig. 16.4 may be used. Under less favourable conditions the bolster slab (shown 
in the lower part of the figure) may be added. The provision of dowel bars half 
set in cardboard tubes, at present so popular in road design, is a detail that the 
author would not recommend. 

A 6-in. slab with 0-3 per cent. of reinforcement in both directions is the amount 
of average reinforcement that ground of this type calls for. This may be placed 
in a single bottom layer or split into two layers of 0-15 per cent. near the top and 
bottom faces of the slab. 


Foundations on Compressible Ground 


Where the ground is good and uniform but compressible (either elastically or 
in terms of consolidation settlement), consideration must be given to the relative 
vertical movement between the floor slab, the wall base and the column foundations 
(if any). The problem will be most severe where there is a roof heavily loaded 
with earth. A depth of 20 ft. of water (including the floor) gives a load of about 
0-6 tons per sq. ft. Ifthe bases under the columns are designed for 2 tons per 
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sq. ft., this is more than 3 times the loading under the floor slab. Under these 
conditions a joint of the type shown in Fig. 16.5 is usually made between the floor 
slab and the base slabs of the walls and columns. 


| 
| Bituminous 
jointing 


COMPRESSIBLE GROUND 


Fig. 16.5. 


Two-layer and Three-layer Floors 


In road construction the slab may be laid in two layers, but the placing of the 
upper layer follows the lower almost immediately, forming in effect a single-layer 
slab. Reservoir floors have been laid in layers with a definite time interval between, 
thus forming two (or even three) separate slabs. The layers may be separated by 
bituminous paint or by a layer of bituminous fabric, glass-fibre scrim set in bitumen, 
synthetic polymer sheet, etc. The main idea of a double-layer floor is that the 
upper layer covers the joints in the lower layer. 

The floor construction shown in Fig. 16.6 is intended for a covered reservoir. 


Welded wire mesh 


2/2" granolithic 
7 Ya Ib. per sq. yd. 


Top surface 
wire brushed 
and washed 


ol —-3" Mass concrete 


Polyester film |/-O” x |/-O" 
under intersection point 
Fig. 16.6. 


The mass concrete and 6-in. floor slab are put down before the walls and roof are 
built. The 2}-in. layer of granolithic is laid after the roof is complete and fully 
loaded. Both the 5-in. slab and the 2}-in. finish are laid in panels not exceeding 
15 ft. by 3o ft. and the construction joints in both are set out on the drawings so 
that they break joint. Joints in the mass concrete layer should also be out of line 
with joints in the upper layers. The most vulnerable points are where the joints 
in the two layers cross. These points could be sealed with small sheets of synthetic 
polymer (say a foot square) glued to the lower layer with synthetic resin. The 
joints in the upper layer could be sealed with long cover strips but this should not 
be necessary. 

Instead of the arrangement shown in Fig. 16.6, two separate 4-in. slabs could 
be used. 

In the construction of the floor of the Admiralty oil fuel reservoirs at Rosyth 
a slab comprising 2 ft. of plain concrete with a surfacing of fine concrete was used. 
On testing the floor with water there was an increase in the flow through the sub- 
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drains, and to prevent any possibility of oil escaping when the tanks were filled 
the whole floor was covered with 6 in. of reinforced concrete in the proportions 
of 1:13:23. This slab was laid in squares, alternate squares in alternate rows 
of squares being laid first. After these had hardened the intermediate squares 
were filled in, forming alternate strips of concrete across the floor with intermediate 
uncompleted strips. The squares in the latter strips were then concreted on the 
alternate bay system, beginning with those adjacent to the first squares laid. Along- 
side the walls a strip of floor was omitted until the remainder of the floor had been 
concreted, and the reinforcement of this strip was bonded into a chase cut in the 
face of the walls. ‘The result was entirely satisfactory. 

In recent years it has become more general to lay the floor in two courses. In 
one good example the lower course was 5 in. in thickness and contained a mesh 
of 3-in. diam. bars at 12-in. centres. Above this a light canvas with lap joints 
was laid and painted over with asphalt. The upper course, 3 in. of concrete re- 
inforced with }-in. diam. bars at 5-in. centres, was laid on the canvas. Between 
the 3-in. layer of concrete and the wall a 2-in. asphalt joint was made. 


Water-bars in Floors 


The placing of water-bars in wall joints is comparatively simple but in floor slabs 
it is difficult. In Fig. 16.7 a flexible synthetic water-bar is shown, both as imagined 
by the designer and as itis most likely to be placed in practice. A stout galvanished 


Air pockets 


AS DRAWN AS MADE 
Fig. 16.7. 


steel or copper jointing strip would be less likely to get bent but the use of either 
would require a workman with a special tool to be specially detailed to scrape the air 
pockets out from under the wings of the jointing strip. 

Where movement is expected a bent copper strip of the type shown in Fig. 
16.8 may be used. ; 


Bent 
copper-strip 


With all types of jointing strips the arrangement of joints in Fig. 16.2 cannot 
be used, owing to the relative movement of points x and _y, and the joints must line 
up in both directions. Even then there is difficulty at the intersection of the joints. 
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This may be overcome by using a special junction piece that can be pulled open 
in both directions. 


Waterproof Floor Linings 


A }-in. rendering of fine sand and cement with some waterproofing additive 
is simple and cheap to lay, and looks clean and neat. It may remain in place as 
long as the reservoir is full, but after the reservoir has stood empty for a few weeks 
it will crack and spall off. In any case, since it is non-plastic it will split immediately 
a crack develops in the slab below it and it can therefore serve no useful purpose. 

Asphalt, unless it is plastic and can be guaranteed to remain plastic, is also useless 
on a well-made concrete floor, for brittle asphalt will split as soon as a crack develops 
or a construction joint opens. It is claimed that certain types of bitumen will 
remain plastic indefinitely, and a layer of such bitumen reinforced with glass-fibre 
scrim may be used provided that it does not affect, and is not affected by, the con- 
tents of the tank. 

A layer of gunite reinforced with welded steel mesh is generally very sound and 
very dense. Since it is expensive it is normally only used in this country when major 
repairs are required on a badly designed or badly built tank. 


Sumps 


Most floors are laid to falls. Large tanks and reservoirs are usually provided 
with a wash-out pipe which connects to a bellmouth or hopper-head set in the 
floor and provided with a grating. Sometimes a sump is provided. The most 
important thing to remember in designing a sump is that it is, of course, placed 


Fig. 16.9. 


at the lowest point of the floor and that any rain that runs off the surface of the 
excavation collects at this point and may bring a quantity of mud with it. Before 
the excavation for the sump is commenced the reinforcement must be bent and 
assembled into a cage and the shuttering also must be made and assembled into 
a unit so that the sump can be built quickly. 

A small sump, say 1 ft. 6 in. by 1 ft. 6 in. by 1 ft. 3 in. deep, may be made as 


mass 
concrete 


Fig. 16.10. 


Fig. 16.9, the hole being lined with 3 in. of mass concrete immediately it has been 
excavated. 

A larger sump, say 3 ft. by 3 ft. by 3 ft. deep, may be made as Fig. 16.10. If 
the ground is very hard the sides of the excavation may be trimmed vertical and the 
reinforced concrete walls may be cast against the face of the excavation (allowing 
3 in. of concrete cover outside of the outside bars). Alternatively, the sides of the 
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excavation may be close timbered and the walls cast against the timbering which 
is left in. Both of these methods will produce the result shown in the left-hand 
side of the figure. On the right-hand side of Fig. 16.10 the sides of the excavation 
are shown trimmed to a natural slope. The bottom of the excavation is then 
covered with 3 in. of mass concrete. On this is stood a box of rough shuttering as 
big as the outside of the sump and mass concrete is filled in outside this box. This 
mass concrete then acts as shuttering for the outside face of the reinforced concrete 
walls. Whatever method is adopted, no back filling must be allowed outside the 
walls of the sump. The same restriction applies to any pipes running below the 


Fig. 16.11. 


floor. The trenches in which these pipes are laid must be filled back with mass 
concrete. 

As far as the calculated strength of the floor and walls is concerned, a thickness 
of 6 in. is ample for a small sump of this type and this thickness may be used in 
a dry climate. In an unpredictable climate where a sudden storm may fill the 
hole with mud and water a g-in. thickness with a minimum of 2 in. of concrete cover 
makes steel fixing and concreting easier, quicker and sounder. Where a ‘ 9-in.’ 
wall is cast against the earth face or against timbering, it will be 10} in. in thick- 
ness with 3} in. of concrete cover on the outside face. 

Both the vertical and horizontal steel in the sump in Fig. 16.10 should consist 
of bars bent as shown in Fig. 16.11. For a 3-ft. by 3-ft. by 3-ft. sump, g-in. diam. 
bars at 8-in. centres in both directions near both faces are ample for depths up to 
Bo ft. 


SUSPENDED FLOORS 


Reservoir Floors on Poor Ground 


Most reservoirs or large tanks contain water and are between 1o ft. and 40 ft. 
deep. With a depth of 4o ft. the total loading on the ground is about 1-2 tons 
per sq. ft. Any reasonably sound ground will safely carry this. A nominal slab 
say 6 in. in thickness laid on 3 in. of concrete blinding will suffice. 

If the top 2 ft. or 3 ft. of soil is soft or if the greater part of the area is sound 
with isolated soft patches, the poor ground may be removed and replaced with 
weak concrete. If there is no suitable foundation within 6 ft. of the top of the floor, 
the cost of removing all the soft ground and replacing with weak concrete becomes 
excessive and it is cheaper to go down to firm ground with piers, walls or piles 
and span the floor between them. 


Floors Spanning One Way between Sleeper Walls 


If there is a sound bearing stratum at less than about 10 ft. down, trenches 
may be excavated and filled with mass concrete to form sleeper walls on which 
the slab is carried. If the tank is 20 ft. deep, the total load including the floor 
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will be about 0-65 tons per sq. ft. If the foundation layer will safely carry a net 
loading intensity of 3 tons per sq. ft. then the area of supporting wall must be about 
1 x 0-65 or 22 per cent. of the floor area. If mass concrete walls 3 ft. in thickness 
are provided then they may be spaced at about 13-ft. 6-in. centres. With walls 
2 ft. in thickness they may be spaced at about g-ft. 6-in. centres. The excavation 
and mass concrete will be approximately the same in both cases but the 2-ft. walls 
will need about 50 per cent. more timbering and the excavation may cost more 
per cu. yd. Against this, the use of 2-ft. walls will allow a thinner and cheaper 
floor slab to be provided. If the sleeper walls are more than 6 ft. in height and 
the ground above the foundation stratum is really soft, they may look a little unstable. 
The reader must study site conditions and decide in each case whether 2-ft. or 
2-ft. 6-in. mass concrete walls are or are not a sound proposition. In the following, 
walls 3 ft. in width will be assumed and calculations will be commenced by designing 
a slab of uniform thickness. 

First the effective span of the slab must be determined. For an internal span 
(assuming that the wall does not rock on its foundation) the distribution of pressure 
between the underside of the slab and the top of the wall will be somewhat as shown 
in Fig. 16.12, depending on the relation between the stiffness of the slab and the 


1-6" effective 


13-6" centres 


Fig. 16.12. 


compressibility of the mass concrete. The effective span will be little more than 
the clear span of ro ft. 6 in. and the design may be based on a span of 11 ft. 6 in. 
Slab spanning 11 ft. 6 in. to carry a depth of 20 ft. of water: 


Imposed load: 20 X 62°5 = 1,250 Ib. per sq. ft. 
Self-weight: say 200 


33 33 23 39 


Reversed M = 1,450 X 11°52 X 12 = 192,000 |b.-in. 


192,000 


—nG-aonme 
60 X 12 3 : 


Minimum d for resistance-moment value of 60bd2 = ui 
say a 17-in. slab. 
192,000 


A, for stress of 12,000 lb. per. sq. in. = 
12,000 X 0°88 X 15 


= 1°215 sq. in.; 
say 2-in. diam. bars at 3-in. centres. 


96,000 


18,000 X 0°9 X 15 
say $-in. diam. bars at g-in. centres. 


Ay at midspan = 


= 0°396 sq. in.; 
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This is actually less than the minimum area of 0-3 per cent. specified by CP.2007: 
1960, which requires 3-in. diam. bars at 6-in. centres. This solution is shown in 
Fig. 16.13. 

Many existing tanks have been designed to stresses of 1,000 and 16,000 lb. 
per sq. in., ignoring the calculated tensile stress in the concrete. Working to 
these stresses: 


Minimum d, = Veer eee era oe in.; say IL in. overall. 
203 X I2 
192,000 _ 
16,000 X 0: 84 X 9 


A, over support = = 1°59 sq. in. 


A,,; at midspan = 0-795 sq. in. 


This solution is shown in Fig. 16.14. 
A compromise between Figs. 16.13 and 16.14 would make a sound design. 


(B) %"  ev.''-O" 


& Short top Yan ev, I'-O” ae ev. ri 
lapped 


———_— sr, 


——— 


Seg ev. 1-0" 


Fig. 16.13. 


Yn od ev, =|" 


Fig. 16.14. 


If concrete must be saved but the stresses specified by CP.2007:1960 must be 
observed a splayed section such as that shown in Fig. 16.15 may be used. 
Imposed load: 20 X 62:5 = 1,250 lb. per sq. ft. 

Effective self-weight: say : 130 5) 55 999 
1,380 lb. per sq- ft. 


Reversed M = 1,380 X 11°57? X 0-102 = 18,600 Ib.-ft. 


Minimum d for resistance moment of 60bd? = < ra =. T7eOuiny: 3 
60 X 12 
say 18 in. overall. 
Positive M = 0:023 X 1,380 X 11°52 = 4,200 lb.-ft. 
A, over su i uae X 32 0 32 Sq. ifs 
et “aed 12,000 X 0°88 x 16 ae 
A,, at midspan = - - aoe = 0°454 sq. in. 


18,000 X 0-88 X 7 


The writer would not use a stress exceeding 16,000 Ib. per sq. in. in the steel for 
a slab of this type, for which stress 0-5 sq. in. of reinforcement is needed. 
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With wide supports of this type two moment diagrams should be drawn --one 
for the assumed effective span (in this case 11 ft. 6 in.) and one for the clear span 
(10 ft. 6 in.) to make sure the top steel is extended sufficiently far out towards mid- 
span. These diagrams are drawn in Fig. 16.16. 
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TH 
UNIFORM SPLAYED SECTION 
Fig. 16.16. 


Fig. 16.17. 


Most suspended floors have to carry some direct tension as well as bending 
moment and the floor will then require extra steel and possibly additional thickness. 
Construction joints may be made over the supports. 

The reader is left to work out the alternative arrangement for 2-ft. sleeper walls 
spaced at g-ft. 6-in. centres. 

Instead of straight splays a curved soffit may be used (Fig. 16.17). 


Floors between Sleeper Walls Spanning in Two Directions 


If the top ground is very soft and the foundation stratum more than Io ft. below 
the underside of the floor, mass concrete walls 3 ft. in thickness may look unstable. 
Instead of increasing the width, walls can be provided in both directions so that 
they support one another laterally (see Fzg. 16.18). For a tank 20 ft. deep weighing 
0-65 tons per sq. ft. on a foundation stratum capable of supporting a net intensity 
of loading of 3 tons per sq. ft., the sleeper walls being 3 ft. in thickness and spaced 
at Dupepy 2s ft., then 


L? — (L — 3) == 4 0-050 or 2 ay oe 
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The floor is a mesh-panel slab spanning 26 ft. by 26 ft. Comparing this with 
a mesh-panel floor in a building, in the present case the corners are not held down 
structurally (except possibly by columns supporting the roof) but there is no question 


|26'-O” 


“| ~_26'-O* in 


of unequal loading being applied. The ‘ beams’ supporting the edges of the panel 
are 3 ft. wide and they will ao deflect at ‘ midspan’. 
Assuming moments of +,',W for such a case, 


W = 26 X ‘26 X 0°65 X 2,240 = 985,000 Ib. 
dae Ree 2000 12 
36 
Overall depth for reversed moment with resistance moment of 60bd? 


= ay ae = 213, in.; say 22 in. (see Fig. 16.19). 


= +328,000 lb.-in. per foot. 


26'-0" 


10" 


Fig. 16.19. 


This compares with the 17-in. floor in Fig. 16.13, and there is no point in adopting 
a two-way span unless site conditions make it advisable. (If it were possible to 
make the thickness of the sleeper walls only 2 ft. the panel may be reduced in size 
to 18 ft. by 18 ft. and a 15-in. slab would be sufficient.) 

In order to save a little concrete the ground can be trimmed as shown in Fig. 16.20, 
making the centre of the panel half as thick as the edges and design moments of 
—,W and +7,W, or —493,000 and +246,000 Ib.-in. per foot may be adopted. 
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Overall depth required for reversed moment with resistance moment of 60bd? 


493,000 
60 X I2 


= say 27 I 


246,000 
250 X 12 
Some details of these two designs are given in Figs. 16.21 and 16.22. 


d, for positive moment = J = 906 in., against 11-0 in. provided. 


WA" 


Fig. 16.20. 
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Fig. 16.22. 


Floors Supported on Mass Concrete Piers 


An expert miner can excavate a pier hole 4 ft. by 4 ft. in plan, but for average 
unskilled labour a hole about 5 ft. 6 in. by 5 ft. 6 in. is the minimum size advisable 
if the pier is more than 4 ft. deep. If the foundation stratum has an allowable 
bearing pressure of 8 tons per sq. ft., a pier 5 ft. 6 in. by 5 ft. 6 in. will carry 242 tons. 
If the piers carry the floor of a tank go ft. deep weighing 2,175 lb. or 0-97 tons 
per sq. ft., each pier will carry 250 sq. ft. of floor or a spacing of, say, 15 ft. g in. 
by. 15 it. g.in. 

If a sunk-panel flat-slab design is adopted the width of the beams is 

0°33 X 15 ftgeineee==5 ft. 3 in, 
These would naturally be made as wide as the pier or 5 ft. 6 in. (66 in.) in width 
(see Fig. 16.23). 
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Total load on panel W = 2,175 X 15,75% = 540,000 lb. 


Reversed moment in Strip A = — = —540,000 X 22 
2 


mal = —304,000 lb.-ft. 
304,000 X 12 
60 x 66 


For a resistance moment of 60bd2, minimum d = a = §0°9 ing 


4 


say 31 in. overall. 


Fig. 16.23. 


Shear strength around perimeter of pier at 100 lb. per sq. in. 
= 4 X 66 X (0°88 x 28:5) x 100 = 662,000 lb. which exceeds W. 
A, for reversed M in Strip A, at 12,000 lb. per sq. in. 
304,000 X 12, 
~ 12,000 X 0-88 Xx 28:5 


= 121 sq. in.; say sixteen I-in. diam. bars. 


Positive moment in Strip A = = 212,500 lb.-ft. 
4 


A, required, at 18,000 lb. per sq. in. = 5°56 sq. in.; say thirteen 3-in. diam. bars. 


16 oi" | 3io Ye" 
eS eb 


I3.@ %" 21> Yar 


Or 


SECTION ON © OF PIER a: MID-SPAN SECTION 
Fig. 16.24. 


eee weep B= oe = dace Ie ean a idinee 7 te retan 
2 


118,000 X I2 


94'5 x 60 

Negative A,, at 12,000 lb. per sq. in. = thirty-one 3-in. diam. bars. 

Positive A,,, at 18,000 lb. per. sq. in. = twenty-one 3-in. diam. bars. 
The main reinforcement is shown in Fig. 16.24. 


= cay 10 in: 


Minimum d for resistance moment of 6obd? = mi 


Floors on Piles with Specified Set 


Several proprietary forms of piling are on the market, some of which claim to 
have high bearing capacities. To arrive at definite figures three different sizes of 
driven reinforced concrete piles will be considered. 

N 
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10 in. by 10 in. up to 20 ft. long carrying 30 tons 
12 in. by 12 tn weeysO fGen, zh AR 5 
14 in. by aan Ola ss 60. aya 
In all normal cases the smallest diameter of pile consistent with length would 
be used as this means more piles, shorter spans and a thinner floor. 
In the following it is assumed that there is a very solid bearing stratum in which 
the piles are certain to reach their specified set. 
Using a flat-slab floor the maximum spacings of the piles, allowing for the self- 
weight of the floor will be as follows: 


Depth of | 1o-in. by to-in. pile | ~ rain by 12-in. pile 14-in. by 14-in. pile 


tank in feet carrying 30 tons carrying 45 tons carrying 60 tons 
10 g ft. gin. X oft. gin. | 11 ft. gin. x 11 ft, 9 in. || 12%teg7m. x 12 tea 
20 6 ft. 11 in. X 6 ft. 11 in. | 8 ft. 5 in. x 8 ft. 5 in. g ft. 8in. x g ft. 8 in. 
30 5 ft. Gin. Xx 5 ft. o.1n. | 7 {t..o1m, x 7iyom 8 ft. o in. x 8 ft. o in. 
M Gils @) svat, 6 ft. in. < Gift: 7 ts On 7 hu Onitie 


40 5 ft. o in. 


The natural type of flat-slab to use is the original elementary one without drops 
and without column capitals. Comparing this with a flat-slab floor in a warehouse, 
in the present case there is no stiffness from a column below as the top ends of the 
piles stand in soft ground and are fully stressed with their vertical load. Against 
this there is no possibility of uneven loading from panel to panel. In a building 
the columns are (or should be) spaced within an accuracy of 1 in. in a length of 
20 ft. The head of a driven pile may easily wander 2 in. in any direction and a 
nominal distance of 6 ft. may easily be as little as 5 ft. 8 in. or as much as 6 ft. 4 in. 
Safe moments for the internal panels of this type of construction are, for Strip A: 
—~;WL and + 3;WL; and for Strip B: + WL. 

The section of Strip Ais 4Z in width, and if d is the overall thickness of the slab 
and a resistance moment of 6o0bd? is to be assumed, then 


maximum unit M = ~ x = Ib. .-ft. per foot. 
a x ; xX 12 lb.-in. per foot = 60 x 12 x d?2. 
Minimum = d= je ee ae, 
540 232 


For a 10-in. by 10-in. pile, W = 30 tons = 67,200 lb. 
VW __ V67,200 _ 259 


d= = = 11°25 in.; say 12 in. 
oo2 23:2 eee) 
: : : V 100,800 2 
For a 12-in. by 12-in. pile, d = ———~— = say 14 in. 
23°2 
V 134,400 


For a 14-in. by 14-in. pile, d = = say 16 in: 

one 

Punching shear strength of 10-in. by 10-in. pile at 200 lb. per sq in. 
_4 X 10 X I2 X 200 


2,240 


= 49 ‘tons 
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4X 14 X 16 X 200 
2,240 
Beam shear strength on 45 deg. line for 14-in. by 14-in. pile (see Fig. 16.25) at 
4,X 41°5 X 0°88 X 13°75 X -100 


100 lb. per sq. in. = - = 90 tons. 
2,240 


Punching shear strength of a 14-in. by 14-in. pile = == 80 tons. 


Fig. 16.25. 


For a tank go ft. deep with 14-in. by 14-in. piles spaced at 8-ft. by 8-ft. centres 
and with a 16-in. slab, W = 60 tons = 134,400 Ib. 


WL = 134,400 X 8 lb.-ft. = 12,900,000 Ib.-in. 


Strip A: vie —'717,000 lb.-in. ae = -+538,000 lb.-in. 
18 24 
Strip B: + = +215,000 lb.-in. 
A i a eS 
Ee  *  Fe,e00 x 0-88 x 13°75 = oie 
eee : — «538,000 =. ; 
A,, in Strip A at midspan = Gas 000 EEE 2A esc it 
: Ae 215,000 : 
A t f Strip B = - - = 1°48 sq. in. 
eel aaa Se 12,000 X 0:88 X 13°75 ries 
Ay in strip B at midspan = a Tas 0:99 sq. in. 


18,000 X 0-88 x 13° 5 
The minimum area of steel in a strip 48 in. wide is 0-3 per cent. of 48 x 16, that is 
2°31 sq. in. 

A proposed arrangement of reinforcement is shown in Fig. 16.26. This needs 
0:64 cwt. of steel per sq. yd. 


5 
5 ro) a" 
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Floor on Piles—Uncertain Sets 


In patchy ground where the piles may or may not reach their specified set it 
is advisable to adopt an arrangement which can cope with these conditions. A 
simple form is the slab of uniform thickness shown in Fig. 16.27. If a reservoir 
is 20 ft. deep the load per sq. ft. is about 1,400 Ib. or 0-63 tons. 

If the piles exceed 20 ft. but do not exceed go ft. in length, 12-in. by 12-in. piles 
carrying a maximum load of 45 tons may be used. ‘Taking the view that a beam 
may be three times as wide as the column on which it is supported a * beam * ott: 
wide can be imagined running over each row of piles, and a ‘ slab’ spanning from 
‘beam’ to ‘beam’. If the span of the slab is a ft. then the reversed moment in 
the slab is ;',wa’. 

The load per foot run on the ‘ beam’ is wa and if the piles in the row are spaced 
at /-ft. centres, then the reversed moment in the ‘ beam’ is ,,wal? or ;;wal* x 3 
per foot width of beam. Accepting the idea that the thickness of the slab depends 
on the allowable tension in the concrete, the minimum floor thickness will be 
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3/- (oie 


at uncertain centres 


_———— Row of 12”x 12” piles | 
maximum spacing 1 


Fig. 16.27. 


obtained when these two unit moments are equal, that is when ;/;wa? = wal? x 4, 
or a=3/%. As the pile can only take a maximum of 45 tons, 


if = = . p x = fa) — uM 
a aes 71°5 sq. ft. or a i . 
Us = 215 or / = 6 ft. very nearly (maximum) and a = 12 ft. say. 
The unit reversed moment in the ‘ slab’ is 1,400 x 122 X 412 = 202,000 |b.-in. 
Loading on ‘ beam’ = 12 X 1,400 = 16,800 lb. per foot. 
Reversed M = 16,800 x 6? X 45 = 605,000 lb.-in. on 3-ft. width. 


Minimum d for resistance moment of 6o0bd? = J sce ceca 16-75 1n.; say 17 in, 
60 X 12 : 
A,, for reversed moment = ———— Se eee 1:28 sq. in. 
12,000 X 0:86 X 15 
A,, for positive moment of ~,wa? = —— poe = 0°425 sq. in. 
18,000 x 0°88 Xx 15 
Top steel in ‘beam’ = Ge5s008 = 4 i 
= 4°5S sq. Int 
12,000 X 0°86 X 14°25 ps a 
Bottom steel in ‘ beam’ = 3032009. = 1°35 sq. in. 


18,000 X 0:88 X 14:25 


The * beam ’ carries a load of 7:5 tons per foot. If the piles reach their specified 
sct then they are spaced at 6-ft. centres. If they fail to do so the spacing is reduced. 
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The main bars in the ‘ beam’ are in long lengths hooked at both ends and lapped 
40 diameters. 

The minimum distribution steel required is 0-3 per cent. of 12 in. by 
17 in. = 0-61 sq. in. per foot, which is more than the steel in the bottom of the 
slab. A suitable arrangement of steel is shown in Fig. 16.28. In most cases the 
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Fig. 16.28. 


steel would have to be increased to take direct tension from the pressure on the 
walls; the drawing shows only the minimum amount. 

45 X 2,240 
4X12X17 
For a shallow reservoir on piles it might be better to keep the slab thickness to g in. 
and make an actual beam as shown in Fig. 16.29. ‘This design is only practicable 


Punching shear stress = Sac lle slam cts aban 


9 u“ 


Fig. 16.29. 


when the piles can be kept within an inch of their true alignment. The design 
shown in Fig. 16.28 will cope with normal variations but if the piles tend to wander 
more than 2 in. the steel (and particularly the bottom steel) should be increased. 


Drainage 


To secure efficient drainage from the roof, it is usual to slope the siab from the 
centre-line to the edges and to lay coarse gravel over the area before placing the 
selected back-filling on top. In some cases 3-in. agricultural pipes have been laid 
on the roof with the same object. 

Hand-packed rubble filling or dry hardcore outside the wall is advisable for 
good construction unless the excavation proves to be thoroughly dry. Open-jointed 
land drains laid in coarse shingle, or French drains, may be laid in a trench at the 
back of the footing to remove the water which comes through the rubble and the 
discharge from the sloped roof of a covered tank. When the concrete of the footing 
slab has been placed in direct contact with the edge of the excavation it is better 
to arrange the land drains on the projection of the slab at the back of the wall. 
The pipes may be laid in lengths of about 3o ft. with a summit at the middle of 
each length. ‘The required gradient is easily preserved by laying a sloping bed 
of weak concrete on the upper surface of the foundation slab. At the valley between 
each pair of lengths, 6-in. tile drains lead to a sump. 
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If there is a possibility that ground water may find its way into the subsoil 
immediately beneath the underside of the floor of the tank it is essential that a 
system of drainage is provided. A common arrangement is to have 3-in. or 4-in. 
land drains at 10-ft. or 12-ft. centres connecting to a larger drain. These are all 
laid with open joints in trenches filled with clinker, ballast, crushed rubble, etc. 
The preservation of a uniform grade is essential in order to prevent the deposit of 
silt in the pipes. Their depths are often limited by the available outfall. The main 
collector and the drain outside the footing of the wall, which takes away the water 
from the rubble packed behind the wall, may be connected to a manhole outside 
the tank. Leakage through the floor will be indicated by an increased flow through 
this manhole. The scour pipe leading from the sump in the bottom of the tank 
is also connected to this manhole. Another method of checking the level of the 
subsoil water is by inserting open-ended rainwater pipes in the columns of covered 
reservoirs. It is difficult to give a rule for determining the diameter required for 
the subsoil drains as this depends on the quantity of water met with in the excavation, 
the available fall, the nature of the ground, and the spacing of the pipes. 

In some cases a pump has been installed above the sump to keep down the 
ground-water level and avoid the risk of the tank floating when it is empty. This, 
of course, is an expensive method of solving the problem, and should be avoided 
unless the tank is to be emptied frequently. 

The concrete lining of the reservoir illustrated in Fig. 16.30 was laid in slabs 
25 ft. square with drainage channels under most of the joints between the slabs 
in the sides and bottom, thus providing adequate escape for seepage should the 
joints leak. A copper water-stop and asphalt filler were used in the joints. Before 
the concrete lining was placed a trench was excavated along the line where the 
drained joints were to be placed, and a concrete rib or footing was cast, in the top 
of which was a semicircular channel. Seepage has access to this channel through 
grooves on each side spaced at 2-ft. centres. Over this trough a series of 17-in. 
by 24-in. precast reinforced concrete plates, 3 in. in thickness, were laid, these plates 
being intended as a covering for the channel and as a support for the edges of the 
lining slabs. ‘The plates over the drain were left without bond to the concrete 
below to facilitate movement without cracking. The tops of the drainage channel 
covers were placed flush with the formation for the concrete lining, which was 
then concreted in the usual manner with the construction joints lying over the 
plates on the centre-line of the drainage gallery. The drainage galleries discharge 
into two 8-in. cast-iron collecting pipes at the centre of the reservoir, whence the 
water is conveyed under the reservoir embankment to the wash-out chamber. An 
18-in. cast-iron scour pipe also leads from the centre of the reservoir to the wash-out 
chamber. 

The division of the lining into slabs 25 ft. square with some reinforcement is 
expected to prevent shrinkage cracks in the slabs. 

The importance of an adequate underdrainage system in the construction of 
a reservoir with partition walls cannot be too highly stressed. An extremely inter- 
esting account (* Engineering News-Record,’ April 11, 1929) of the failure of a canti- 
lever partition wall in a filtration plant built in 1915 in the United States shows 
how destructive unbalanced uplift can be. In this instance two coagulation basins, 
each 317 ft. long and 232 ft. wide, were separated by a division wall of the canti- 
lever type 317 ft. long. This wall and its base (Fig. 16.31) formed an inverted T- 
shape, the base being 13 ft. 6 in. in width at one end, and at the other 1g ft. 6 in. 
wide and 163 in. thick at its outer edges, increasing to 2 ft. 3 in in thickness at the 
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wall. The latter was 14 ft. high, measured from the top of the base, at one end, 
and 19 ft. 6 in. at the other, 12 in. thick at the top, and battered on both faces so 
that the bottom thickness was nearly 2 ft. 6 in. The stem of the wall projected 
2 ft. below the base to provide anchorage for the vertical bars in the wall and to 
give increased resistance against sliding. One-inch square twisted bars at 5$-in. 
centres were used as vertical reinforcement in the lower part of the wall, and at 
higher levels the spacing of the bars was increased to 11 in. ‘The floor was of plain 
concrete, 6 in. thick, and the formation what is locally known as ‘ rotten rock.’ 
When stripped this required the use of picks and mattocks to excavate the foundation 
trenches. The excavation for the south wall stood vertically for more than a year, 
but on long exposure the material becomes soft. It is reported that all the bottom 
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of the excavation was covered with concrete while the formation was still firm and 
hard. At the time of the failure one basin had been emptied, and after some time 
small streams of water were noticed spouting up at the joint between the wall footing 
and the floor slab of this basin. The latter was then pushed upward and the wall 
started to move. This movement started at the joint between two sections, and 
was followed by a general movement of the sections of the wall. The 12-in. by 
#-in. expansion plates, which extended 6 in. into each section of wall at each joint, 
were pulled out from one end of each section but remained fast in the other. A 
length of over 240 ft. of the wall was shifted and some sections, 32 ft. in length, 
were carried a distance of 60 ft. The drawing (Fig. 16.32) shows the final positions 
of the broken sections of the wall. Sections 3 and 4, which were unparted, are 
shown in Fig. 16.33. 

In connection with the construction of some very large reservoirs of the Paris 
water supply, particular precautions were taken against settlement of the floors 
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due to leakage. The floors were made of arched cross-section supported on walls 
so that it is possible to walk under the reservoirs. Provision was made for draining 


away any leaking water and preventing it percolating into the ground and causing 
settlement. of the piers. 
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Fig. 16.33. 


In countries subject to severe rainstorms it must be remembered that drains 
intended to lead water away from the subsoil may reverse under freak conditions 
and blow up the floor of the tank. 


Pipe Connection through Tank Floor 


To connect an inlet pipe passing vertically through a two-course floor, a short 


length of flanged pipe may be fixed vertically with its flange at the level of the top 
of the lower course. A 3-ft. square sheet of 20-gauge copper with a central open- 
ing for the pipe is then fitted over the pipe, and the rising pipe and short length 
of inlet bolted together through their flanges. Before laying the top course, a I-in. 
asphalt joint is formed around the rising main. This type of joint has proved 
very satisfactory. 


CHAPTER SEVENTEEN 


RESERVOIR AND TANK WALLS SUPPORTED 
ON PILES 


Wall to Circular Tank with Slip Joint 


Ir an efficient frictionless slip joint (assuming that such a thing exists) is provided 
between the base of the wall and the floor, the piles under the wall will carry the 
weight of the wall itself plus a load from the floor depending on the span L (Fig. 17.1). 


Slip joint 


Fig. 17.1. 


There may also be loads on top of the wall or loads carried on brackets halfway 
down the wall, or additional loads (other than water pressure), such as columns 
supporting the roof, on the floor. If, as is usual, the excavation is banked up round 
the outside of the wall there may be some downward friction on the wall as this 
filling consolidates and settles. In any case conditions at the base of the wall will 
not affect the design of the main part of the floor. 


Wall to Circular Tank with Restraint 


When the wall is restrained at the base, in addition to the vertical load from 
the wall the supporting structure must also resist a restraint moment Mg and 
corresponding shear Fg at the base of the wall (Fig. 17.2). Unless raking piles 
are provided, the shear force Fg must be taken directly or obliquely across the 
floor to the opposite side of the tank and this will require additional steel and 
possibly an increase in thickness to keep the tensile stresses in the concrete within 
safe limits. 

In Fig. 17.3 the edge of the tank floor in Fig 3.27 is shown in detail. The wall 
is I ft. 6 in. in thickness and is supported on a ring of piles P, driven on a radius 
of 43 ft. 3in. Inside this ring is another ring of piles P, driven on a radius of 36 ft. 
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3 in. supporting the floor, which is also 1 ft. 6 in. in thickness. Considering a wedge- 
shaped section on plan (part of a sector of the whole tank) which is 1 ft. wide at the 
face of the wall, this section will be 0-853 ft. wide on the smaller radius. The area 
of floor is 0-5(0:853 + 1-0) X 6:25 or 5°8 sq. ft. and the total inclusive load on it 
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Fig. 17.2. 
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is 12,200 Ib. The total inclusive load per foot run of wall is 8,000 lb. At the 
section over pile P, there will be a tension T’, a shearing force fp and a moment 
Mp which will depend on the spacing of piles under the central part of the floor 
and which has been calculated in this example as 8,710 lb.-ft. per foot run of section 
or 7,430 lb.-ft. on a width of 0°853 tiie restraint moment Mz is 23,200 lb.-ft. 
per foot run of wall and the restraint shear Fz is 8,880 lb. per foot run. 
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Taking moments about point X (the point where T and Fp intersect): 


P, X 7-0 = (12,200 X 3:20) + (8,880 x 0-75) + (8,000 X 7:0) + 23,200 — 7,430. 
P, = 16,800 lb. per foot run of wall = 7-5 tons per foot run of wall. 

If the piles P, may carry 50 tons each, they may be spaced at 6-ft. 8-in. centres. 

If 48 piles are actually provided under the wall they are spaced at 5-ft. 8-in. centres 

and each pile carries 42°5 tons. 

Care must always be taken to ensure that there is no uplift on the piles P,. 
The total vertical load is (12,200 + 8,000 + Fp) lb. Of this, 16,800 Ib. is carried 
on P,, leaving (3,400 + Fp) Ib. on P,. The exact value of Fp depends on the 
arrangement of piles under the central part of the floor. If Fp is 6,000 |b., then 
piles P, carry 9,400 lb. per 0°853 ft. or 4°93 tons per foot. If there are 32 piles 
P, in this ring, they are spaced at 7-ft. I-in. centres and each carries 35 tons. 


Cantilevered Wall on Piles 


A cantilevered wall of height H supported on vertical piles is shown in Fig, 
17.4. The moment at the base of the wall is {wH and the shearing force is }wH?. 
This may be taken by tension in the floor, which may have to be strengthened to 
take it. To balance the moment of [wH® the value of B is given by 43wHB? = iwH? 


H ae 

rene Adopting a factor of safety of 1:5, then B =W——. This is gener- 
V3 | V2 

ally not necessary as the inner pile carries load from the main part of the floor. 

It may not be possible to transmit the tension across the floor to the opposite 


> 


Fig. 17.4. 


wall. Some reservoirs have a deep drainage trench that cuts the floor in two. 
In some cases the ground is good enough to carry a uniform load equal to the 
depth of the water but is not sufficiently good to support uneven loading from a 
cantilever wall. In this case the wall may be on piles and the centre of the floor 
may rest on the ground, with an expansion joint between them. If the floor cannot 
be utilized to tie back the base of the wall, raking piles are required to take the hori- 
zontal pressure. The first thing to be decided is the rake at which the piles may 
be driven. This depends on site conditions, on the length of pile and on the piling 
plant available. A rake of 1 in 3 is generally possible and sometimes 1 in 2. In 
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Fig. 17.5 both cases are shown for a pile carrying 50 tons. When driven at a rake 
of 1 in 3 this pile will carry a horizontal force of 15-85 tons, but before it can do this 
it must have a vertical load of 47:5 tons placed on its head. For every 1 ton of 
horizontal force 3 tons of vertical load must be supplied if the piles are driven to 
a rake of 1 in 3, or only 2 tons of vertical load if the piles rake 1 in 2. 

A cantilevered slab wall 20 ft. high carried on piles and not tied back at the base 


is shown in Fig. 17.6. The base has been made equal to oF or, say, 14 ft. The 
: 2 


wall is carried on two rows of vertical piles V, and V, and a row of raking piles R,. 
It is usually possible to drive these piles on a rake of 1 in 3. At first sight the 
arrangement in this figure looks satisfactory, the vertical load being shared by 
the two lines of vertical piles and the horizontal load being taken by the rakers, 
but a simple calculation shows it to be unsound. Produce the centre-line of the 


Fig. 17.5. 


rakers upwards until this meets the centre-line of the inner vertical piles V,. Taking 
moments about point O where these two lines intersect (the loads and water pressures 
per foot run of wall are written on the figure); 
[(Load on Piles V,) x 14 ft. 6 in.] + (12,500 X 33 ft. 8 in.) 

= (8,140 X 7 ft. 6 in.) + (5,870 X.14 ft. 1 in.) + (17,500 X 6 ft.). 
Load on Piles V, = —12,000 lb. per foot run of wall or a tension in the row of 
piles of 5:36 tons per foot run of wall. Whether this is satisfactory will depend 
on site conditions. Short piles driven through very soft ground and pulling up 
suddenly in something very hard offer little resistance to withdrawal. Long piles 
driven well into clay are difficult to draw as many contractors who have had to 
dismantle piled falsework well know. Most tank and reservoir walls have earth 
banking outside them, but modern specifications usually insist that the tank or reser- 
voir is filled and tested before the banking is placed, so no relief can generally be 
* counted on from this source. 

Comparing Fig. 17.6 with Fig. 17.5 insufficient vertical load has been provided 
to hold down pile R, and the balance has to be provided by tension in pile V9. 
If the raking piles in Fig. 17.6 can be driven at a rake of 1 in 2, then the dimension 
of 33 ft. 8 in. reduces to 19 ft. 2 in, and the load on piles V, changes from — 12,000 lb. 
to +650 lb. per foot run of wall. 

If it is not possible to drive at a rake of more than 1 in 3 and piles V, cannot 
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be relied on in tension, the design must be modified. Increasing the thickness of 
the wall will do little good, for the unbalanced moment about point O in Fig. 17.6 
is 173,500 lb.-ft. and the weight of the wall would have to be increased by about 
12,000 lb. per foot run which would necessitate providing an additional 80 sq. ft. 
of concrete per foot, equal to an additional width of 4 ft. on a wall 20 ft. high. 
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Little improvement follows if the base of the wall is increased as in Figs aa, 
which shows the same wall as in Fig. 17.6 with the base increased in width from 
14 ft. to 20 ft., as the height of point O rises 3 ft. for every 1 foot increase in the 


width of the base. The loading per foot run is written on the figure. Taking 
moments about point O: 


[(Load on Piles Vy) x 20:5] + (12,500 x 51-7) 
= (11,000 X 10°5) + (5,870 x 20'I) ++ (25,000 X 9:0). 


Load on Piles Ve = —9,150 lb. per foot run of wall, which is still only 75 per cent. 
of the uplift given by the arrangement in Fig. 17.6. The total vertical load in 
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Fig. 17.7 is 41,870 Ib., which is more than three times the horizontal pressure, 
but only part of this load comies on to the head of the raker ion 
The problem can be solved by putting raking piles front and back as shown in 
Fig. 17.8. This disposition utilizes the whole weight of the wall. With this arrange- 
ment the loads on the piles cannot be found by simple statics and it is necessary 
to assume or to guess an arrangement of piles and then check the loading on them. 
Assume that each set of piles consists of one vertical V,, one raker R,, one 
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vertical V,, and two rakers R,, and that all the piles are of the same section and 
all are driven to the same depth, as shown in Fig. 17.8. If the vertical piles are 
30 ft. in length the raking piles will be 31-6 ft. long, as they are driven at a rake 
of 1 in 3. Under the vertical and horizontal loads the wall will move and this 
movement may always be expressed as a vertical movement plus a horizontal 
movement plus a rotation about any point selected. If there are only two systems 
of piles as in Fig. 17.8, calculation can be saved by choosing the centre of rotation 
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at the point where the centroid lines of the two systems intersect (point X in Fig. 
17.8). The line AXB is therefore drawn as being the centroid of the two vertical 
piles and the line CXD is drawn as the centroid of the three raking piles. These 
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two lines intersect at the point X. Assume that the wall sinks an amount y, moves 


outward an amount x and rotates through a small angle 0 clockwise about point X. 
Thrust in pile V, 


= 4 x 0 (due to 4) ee (due to y) — tense. (due to 6) 
30 ft. 30 4 


where (A) is the cross-sectional area of the pile. 
Thrust in pile R, 


_ x X 10(A)E, X 30(A)E, . 
= soo (due to x) See! <n * (due to y) — ae (due to 6). 
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Thrust in pile V, _IA)E a3 10°256(A)E, 
30 30 
Thrust in pile R, = ees tog) e. 7 x 30(A)E, 6-40(A)E, 
31-6? ; 31-6° 31-6 


Since point X has been chosen as the intersection of the centroids, vertical or 
horizontal movement of this point causes no moment about X. Also rotation 
about X causes no net vertical or horizontal thrust. 


Total vertical reaction = 2 a seal? Se BE aa) Ns x (A)E, 
30 31-62 1-6" 7 31°6 


= (0°0285x + 0°1522) x (A)E,. 


Total horizontal reaction = (3% lice PEA | ai x (AE, 
sro 31°62 


31-6 
= (0:0095% + 0:02859) x (A)E,. 
Total moment of thrusts about X (anticlockwise) 


s (Aye? X 10°250 X 10:25 eee! x 128 a 2 x 6:46 x =) = 14-810(A)E,. 
30 316 31°6 


Total vertical load = 25,000 + 11,000 + 5,870 = 41,870 lb. 
Total horizontal load = 12,500 lb. 
Total moment of loads about X (clockwise) 
= (5,870 X 9°8) + (11,300 X 0-3) — (12,500 X 0-4) — (25,000 X 1'4) 
= 20,800 lb.-ft. 
Equating the moments of the loads about point X to the moments of the thrusts 
about point X: 


20,800 = 14°810(A)E, or 6(A)E, = 1,400. 
Equating the vertical loads and thrusts: 
41,870 = (A)E,(0-0285x + 0°15227). 
Equating the horizontal loads and thrusts: 
12,500 = (A)E,(0:0095x + 0-02859). 
Solving these last two equations: 
x(A)E, = 1,120,000 and »(A)E, = 65,500. 
Resubstituting these values for 0, x and y in the first expressions, 
thrust in pile V, = 1,700 lb. R, = 12,600 Ib. 
V. = 2,660 Ib. R, = 13,500 Ib. (each.) 


All these values are per foot run of wall. The results may be checked from the 
fact that the raking piles, being driven at a slope of 1 in 3, require 3 X 12,500 Ib. 
vertical load to hold them down. Since the total weight is 41,870 lb., the sum of 
the loads on V, and V, should be (41,870 — 37,500) or 4,370 lb. If the maximum 
allowable load is 50 tons (112,000 lb.) per pile a pair of rakers and one vertical 
pile will be reauired every 8 ft. 4 in. under the toe of the wall. These could be 

ce) 
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spaced as shown in Fig. 17.8. To comply with the assumptions on which the 
calculations are based, one raker and one vertical pile must be provided every 
8 ft. 4 in. under the tail of the wall. 
Under this loading pile V, carries only 8-33 x 2,660 lb. or only 10 tons, while 
V, carries only 6 tons and R, carries 47 tons. 
When the tank is empty the calculated loads on the piles per foot run of wall 
are: 
V, = +7,020 Ib. ~. R, = —1,670 Ib. 
Vz, = +9,830 lb. R, = +835 lb. (each) 


The load on V, is 8-33 ft. x 9,830 = 36:5 tons and the load on V, is 26 tons. 
If site conditions are such that R, can resist no tension then the wall (when 


9.>, 


Fig. 17.9. 


the tank is empty) is carried on the vertical piles alone and the load on V,j rises 
to 11,400 lb. per foot or 42-3 tons. 

If the tank is empty and the outward pressure of 12,500 lb. per foot is replaced 
by an inward pressure of 4,000 Ib. per foot run of wall from earth banking, the 
loads on the piles per foot run of wall are: 


Vi = +12,990 lb. R, = —5,920 lb. 
Ve. = +15,850 lb. R, = —3,370 Ib. (each) 


This would increase the load on pile Vz to 59 tons. 

If site conditions are such that R, and R, can resist no tension then normally 
the floor of the tank can be assumed to take the horizontal thrust of 4,000 lb. per 
foot, in which case V, = +6,820 lb. and V, = 10,050 lb. per foot run. 

If the piles can take no tension and the floor can take no thrust, then additional 
rakers R; and R, could be provided as shown in Fig. 17.9. Under this arrange- 
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ment the loads on the piles per foot run of wall (assuming piles R, and R, are 
ineffective) are: 
V, = +1,855 Ib... Rs; = +5,800 lb. 
V. = +3,005 lb. R, = +6,840 lb. 
Alternatively the raker R, under the tail could be omitted and the wall thickened 
to provide extra weight, as shown in Mig. 17.10. With this arrangement, the 
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Fig. 17.10. 
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loads on the piles per foot run of wall (assuming piles R, and R, are ineffective) 
are: 


Fig. 17.11. 


Vi, = +7,240 lb. V, = +1,270 Ib, Ry = +12,640 lb. 

Therefore assuming that the wall can receive no support at all from the floor, 
that the piles are driven at a rake of only 1 in 3, that no tension is allowed in any 
pile, that earth banking will be placed after the tank has been filled and tested, 
and that the wall will not be thickened as shown in Fig. 17.10, the final arrangement 
of piles (assuming each can support 50 tons) is as shown in plan in Fig. 17.11. 
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The fact that the pile heads are close together is not important as their toes are 
well spaced out. 

When detailing the steel in the base of the wall the designer must remember 
to tie in the heads of the raking piles. In Fig. 17.8, pile R, carries 12,600 lb. per 
foot run of wall or 105,000 lb. per pile. The horizontal component of this is 
33,200 Ib., which at 18,000 Ib. per sq. in. requires 1-85 sq. in. of steel. Two long 
hairpins of {-in. diam. bar would take care of this. 

The base of the wall in Fig. 17.8 could act as a horizontal beam 38 in. wide and 
276 in. deep. If suitably reinforced this could carry the water pressure of 12,500 lb. 
per foot over more than roo ft. If the tank were not more than 150 ft. square 
all raking piles could be dispensed with and the base of the wall could be used as 
a square collar beam (always assuming that the tank floor cannot be used for tying 
across from wall to wall). Site conditions would have to be extraordinarily difficult 
to make such a design an economical proposition. 

The bending moments and thrusts on the base of the wall in Fig. 17.8 are shown 
in Fig. 17.12. The critical section is X-X in Fig. 17.13. At this point there is 

1,000,000 1b-in. 


4,000 Ib. /-* 12,500 Ib, 


—EE 


<—_—___—— 
8,500 bb. 


13,650 Ib. 


649,000 bb-in. 
Fig. 17.12. 

a moment of 1,000,000 lb.-in. from the wall plus a shear of 12,500 Ib. Acting 
against this shear there is a horizontal component of 8,500 lb. per foot from the 
raking piles R,, so that there is an unbalanced tension of at least 4,000 lb. applied 
at the top edge. ‘Transferring this tension 19g in. to the centre-line of the section: 

moment = 1,000,000 Ib.-in. 

+4,000 X 19 = 76,000 ,, ,, 

1,076,000 lb.-in. 


As far as concrete stresses are concerned, 
area = 12 X 38 = 456 sq. in. and Z = 12 Xx 38? x 4 = 2,890 in.? 
Adding about 1 per cent. of steel will increase the area by about 14 per cent. and 
the value of Z by about 40 per cent. 
1,076,000 
2,890 X 1-4 
4,000, __ 
456 X 114 


The tensile stress in concrete is about = 266 Ib. per sq. in. 


39 33 33 33 


274 lb. per sq. in. 


Area of top steel required, working at a stress of 12,000 lb. per sq. in. 


1,076,000 , 
= = 2°80 sq. in. 
12,000 X 0°9 X 35'5 
2,000 
i) aa 
12,000 Toa. 


2:97 sq. in. 
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1j-in. diam. bars at 4-in. centres provide 2-98 sq. in. On the one hand it may be 
argued that the shear comes on the top face of Section X—X while the raking piles 
are at the bottom, and the section should therefore be designed for the full tension 
of 12,500 lb. On the other hand those cracks in tanks that are not due to shrinkage 
or temperature stresses are due to poor arrangements of bars and insufficient grip 
lengths and are not due to high calculated structural stresses. With the bar 
arrangement shown in Fig 17.13, any practical designer would accept a calculated 
stress of 13,500 Ib. per sq. in. and most would accept 16,000 lb. per sq. in. in the 
steel. 

The method of calculating the loads on the piles shown in Fig 17.8 also gives 
the actual movement of the wall, always provided that everything is expressed in 
the same units. As the lengths of the piles have been given in feet it is easiest to 
work in pounds and feet throughout. 

Assuming a 14-in. by 14-in. pile reinforced with four 1}-in. diam. bars the area 


4" > Ye" 


Y, ” 
mt 3 a"d 
ev. l2"crs. ev. |2"crs, 


ev.l2" crs. 


\" 


@V.12"crs. 


Ye" hairpins 
over raking pile 


Fig. 17.13. 


is [196 + (14 X 4)] sq. in. or 1°75 sq. ft. Since the pile group repeats at 8-ft. 


4-in. centres the area (a ee = 0°21 sq. ft. per foot run of wall. 


Assuming E, = 2,000,000 X 144 lb. per sq. ft., 
1,120,000 __ 1,120,000 
~  (A)E, 021 X 2,000,000 X 144 
This is the outward movement of point X. 


ft. = 0°222 in. 


radians. 


1,400 i , 1,400 _ 
= ——_ k — —— — = ———————— 
: (AVE, eed (clocewiee) 0°21 X 2,000,000 X 144 86,400 


As point X is about 100 in. above floor level, this causes a back-kick of 


10° _ in. at floor level = 0-0012 in. 
86,400 
: ; , 65,500 ‘ 
The vertical (downward) movement of point X is y = (A)E — 10013 In. 
€ 


Therefore the slip joint where the main floor rests on the tail of the wall must 
be able to take up a movement of about } in., assuming that the piles are 30 ft. 
long. If the piles are longer than 3o ft. the movement will be increased pro-rata. 

The method of finding the thrusts in a combination of vertical and raking piles 
by assuming horizontal, vertical and rotational displacements of the wall may be 
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used for more complicated cases where piles of differing sizes and lengths are driven 
at different rakes. 

If there are only two systems of piles as in the systems in Figs. 17.8 and 17.9 
considered separately, point X can be found. However the two systems shown in 
these figures are combined there is no common intersection point. In such a case 
any point may be chosen as the reference point but the thrust in each pile must 
then be calculated for each of the three displacements and this total thrust must be 
included in each of the three equations of equilibrium. Each of these three equa- 
tions will then include x, y and 6, and the complexity of the calculations increases. 
Such cases are easily dealt with on a double-elephant drawing board but are very 
cumbersome on the small page~of a text-book. 

One advantage of walls on piles is that the piles are usually sufficiently long 
and flexible to take up small horizontal displacements at their heads, and expansion 
or contraction joints are not required in walls of normal length. 


CHAPTER EIGHTEEN 


ELEVATED TANKS 


THE term ‘ elevated tank’ is here meant to apply to tanks where the height from 
ground level to floor level does not exceed about 20 ft. Above this height the tank 
is more properly described as a ‘ water tower ’. 

When the floor of a tank is only some 2 ft. or 3 ft. above foundation level it 
is generally cheaper to fill in with weak mass concrete or hardcore flushed with 
concrete. When the difference in level exceeds 6 ft. or 7 ft. a suspended floor will 
usually be cheaper in this country. In doubtful cases the designer must draw 
and price both alternatives. If a considerable amount of earth filling has to be 
disposed of on the site, this may be filled in between the sleeper walls or supporting 
columns, covered with 3 in. of mass concrete and used as shuttering for the under- 
side of a suspended floor. The earth filling must be rammed sufficiently solidly 
to support the weight of the floor for a few hours but almost any type of soil, apart 
possibly from peat, is suitable for this. 


Early Designs 


In Fig. 18.1 alternative designs are shown for a tank 108 ft. in diameter to hold 
filter bed or similar material 5 ft. deep weighing 100 lb. per cu. ft. In the left- 
hand half of the figure a plain slab supported on circular sleeper walls is shown. 
This design is based on principles in general use prior to 1914. A 6-in. floor slab 
designed for a maximum moment of ;/;w/? with stresses of 600 and 16,000 lb. per 
sq. in. in the concrete and steel and supported on 4-in. walls was quite usual practice. 
Taking the effective depth of a 6-in. slab as 4°75 in. it would be designed to provide 
a resistance moment of 95bd,? or 95 X 12 X 4°752 = 25,800 lb.-in. per foot width 
(present-day design would adopt a resistance moment of 60bd? = 60 X 12 X 6? or 
25,900 lb.-in.). If w = (5 X 100) + 75 lb. and ~jwl? = 25,800, then / = 6-12, 
say 6 ft. span. A 7-in. slab would span 7 ft. 3 in. In the figure sleeper walls are 
shown at 7-ft. g-in. centres and a 74-in. slab would span this. The outermost wall 
could be kept back from the outside edge of the slab so that the cantilever moment 
over this wall was the same as the reversed moment over the inner walls. 

Whether it was cheaper to use a thinner slab and more sleeper walls or a thicker 
slab and fewer sleeper walls would depend on site conditions and usually meant 
working out and pricing several alternatives. 

After the introduction of flat-slab construction the floor could have been de- 
signed as a standard flat-slab using the Chicago Regulations (1918). This arrange- 
ment is shown in the right-hand side of Fig. 18.1. Under these regulations a 6-in. 
slab would span g ft. by g ft. as shown in the figure. An 8-in. slab would span 
12 ft. 6 in. by 12 ft. 6 in. under an imposed load of 500 lb. per sq. ft. Again it might 
be necessary to draw and price designs with alternative column spacings. 

If the tank were supported on piles carrying 40 tons each, a mesh-panel arrange- 
ment with the slab designed to carry a moment of ;;W might have been used, 
as shown in Fig. 18.2. Other possible variations are indicated in Chapter 16. 

Many of these early designs are open to severe criticism as few, if any, made 
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any provision for stresses due to temperature change. Since the floor is no longer 
in close contact with solid ground it must be subject to greater changes of tempera- 
ture than a floor below ground level and possibly also subject to some shrinkage. 
Nevertheless these tanks generally gave satisfactory service and they cannot be 
lightly dismissed as ‘ old-fashioned ’. 


More Recent Designs 


Few designers would now use a wall less than 6 in. in thickness and some authori- 
ties may insist on a minimum of 8-in. for a load-bearing wall. Working to the 
requirements of CP.2007:1960, the stress in the steel near the underside of the floor 
may be increased to 18,000 lb. per sq. in. if the floor is 9 in. or more in thickness. 

The use of thicker supporting walls or larger supporting columns increases 
the temperature stresses and makes it difficult to design a suspended floor for a 
large tank less than 10 ft. above foundation level. If the tank is 100 ft. in diameter 
and if the floor is subject to a temperature range of +30 deg. F., the outside edge 
of the floor will move +30 X 0-000006 xX 50 ft. = +0-108 in. 

Circumferential walls, or columns supporting the floor (assuming that no 
rocking or sliding joints are provided) will be flexed as shown in Fig. 18.3, the 


x 


Fig. 18.3. 


displacement x varying from zero at the centre of the tank to a maximum at the 
circumference. If the effective height of the column is A and its geometrical moment 
of inertia of cross-section is J then the primary moments caused by the displacement 


are ee This value varies inversely as 4? but directly as a3, where a is the thick- 


he 
ness of the wall or the width of the column. 

The effect of temperature stresses on a tank near ground level may be shown 
by analysing the design in Fig. 18.4. This shows a tank roo ft. in diameter, 5 ft. 
above the foundations carrying a 5-ft. depth of material weighing 100 lb. per cu. 
ft. and supported on five walls 8-in. in thickness, which are circular in plan and 
11 ft., 33 ft., 55 ft., 77 ft. and gq ft. in diameter, respectively. Neglecting temperature 
stresses the maximum moment in the slab is about 

pawl? = 31, x (500 + 150) X 117 X 12 = 94,300 lb.-in. 
With a moment of resistance of 606d? the minimum value of d is 11-45 in., say 
12 in. The stresses may be analysed by considering a sector of the floor 1 ft. wide 
at the outermost wall, as shown in Fig. 18.4. This sector tapers to 0-778 ft. at 
the next wall and to 0:555 ft. at the next, as shown in the figure. The widths of 
slab at midspan are 0-889 ft. and 0:667 ft. as shown. 
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Assuming the lateral pressure from the contents is 30 Ib. per sq. ft. per foot 

of depth and that the wall is designed to cantilever from the slab, 
M, in Fig. 18.5 = } X 30 X 5% = 625 |b.-ft. 

The fixed-ended moment in a strip of floor slab 1 ft. wide is 74, x (500 + TO). xX oie 
or 6,550 lb.-ft. For a final design special coefficients should be used for the 
slab as this tapers in plan, but for preliminary calculations the average width at 
midspan can be used and C, and C, can be taken as 4 and 2, respectively. Con- 
sidering a temperature rise of 30 deg. F., x, = 0:00693 ft. and x, = 0-00891 ft. 

The displacements are shown in Fig. 18.5. All the values needed to calculate 
the values of K and to tabulate the moments are now available. 


Assuming 0, = }6,, 
E60, = —139,500 and £6, = —324,300 (both in pounds and foot units), 
giving M, = —17,100 lb.-ft. and M, = +19,700 lb.-ft. 
The moments in the outermost bay are shown in Fig. 18.5. 
The calculated tensile stress in the top of the slab over the outer wall is very 
nearly 
mistee 2X 6 


Egress == 712) Ibee per sc. itt, 


or possibly 600 Ib. per sq. in., allowing for the reinforcement, against a usual maxi- 
mum of 300 lb. per sq. in. 
The load on the outer wall is about 6,000 lb. per foot run with a moment of 
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Fig. 18.6. 


19,700 lb.-ft. at the base. This means that the eccentricity of loading on the 
foundation is about 3 ft. 3 in. and that the footing would have to be increased from 
3 ft. to 8 ft. wide. 

The wall must be designed to resist a moment of 19,700 lb.-ft. per foot run. 
Assuming vertical bars at 3-in. centres near both faces, the section per foot run of 
wall will be as shown in Fig. 18.6. 


M _ 19,700 X 12 
bd? £2 10> 


Both of these figures are very high. 
Reverting to the old ‘steel-beam’ theory, ignoring the concrete and working 


to 25,000 lb. per sq. in., 


a eeeencl M _ 19,700 X 12 


bd,2 12 X 6-252 oo 


A,, = Ay = ——— = 2°I sq. in.; say four {-in. diam. bars both sides every 


foot run of wall (see Fig. 18.6). Not only is this an enormous amount of steel, 
but from Fig. 18.4. it is clear that there is not enough concrete to anchor these bars 
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into joints at the top and bottom of the wall, even if the diameter of the floor slab 
is extended as shown by the broken lines in Fig. 18.4. The preliminary design 
shown in Fig. 18.4 is therefore not workable. 

If the permissible thickness of the walls may be reduced from 8 in. to 6 in. the 
primary moments caused by the horizontal movement will be reduced in the ratio 
of 8° to 63 or 1 to 0-422, but the lever-arm of the section, measured steel-to-steel 
will drop from 4:5 in. to 2°5 in. or in the ratio 1 to 0°555, giving little relief on 
balance. 

If the height of the walls is increased in the ratio »/2 to 1, that is if the founda- 
tions are deliberately taken down 2 ft. deeper, the primary moments due to tempera- 
ture change are halved and the design would then be just workable. 

With the introduction of rocking joints at the top and bottom of the outer walls 
as shown in Fig. 18.7 the primary moments vanish and the problem does not 
arise, but many engineers (including the author) dislike such joints. 

Filling the empty spaces between the walls with earth and forming an earth 


6" slab 


Stainless steel 
dowel bars 


Yo" diam. 18" long 


Construction 


every |/-O" centres. joint 
Compressible 4” wall 
bitumen 
jointing 
Fig. 18.7. Fig. 18.8. 


bank round the tank should decrease the range of temperature variation and 
decrease the primary temperature stresses pro-rata. 

Going back to early designs, when few (if any) designers worried about tem- 
perature stresses, a 6-in. floor slab with 4-in. walls reinforced with nominal steel 
having very little end anchorage was quite usual. Such walls had a construction 
joint at the top and another at or near the bottom, and these joints opened and 
closed slightly as the wall was rocked backward and forward by expansion and 
contraction of the floor slab. In fact, if the actual detail at the top of the wall 
Were as shown in Fig. 18.8 the designer had, unwittingly, introduced a rocking 
joint similar to the joint in Fig. 18.7. 

Where the supporting walls ran radially, vertical cracks could develop in them 
which opened in summer and closed in winter. In one such structure the top 
construction joint sheared, but in most, if not all, cases the tanks continued to 
function. 

With a long rectangular tank only a few feet above foundation level, the problem 
of movement due to temperature change can become acute and the possibility 
of cutting the tank into sections by expansion joints may have to be considered 
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as well as the provision of sliding or rocking joints. A detail of an expansion 
Joint 1s given in Fig. 18.9, and in Fig. 18.10 a large shallow tank on piles with sliding 


-.Compressible jointing 


Bent copper sheet 


Cantilever | 


Fig. 18.9. 


14x 144 
Piles 


Fig. 18.10. 


joints under the floor slab is shown; a proposed detail of the sliding joint is given 
in Fig, 18.11. The makers claim a coefficient of friction of 0-2 for some types of 
synthetic material sliding over stainless steel. Not only is there a heavy moment 


stainless steel 


synthetic 
resin-bonded 
material 


Fig. 18.11. 
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at the foot of the short columns in Fig. 18.10, but, the horizontal tension in the tie 
builds up to a high figure. Assuming each pile carries 40 tons and = 0:2, then 
F =8 tons. The design depends entirely on the correct functioning of the joints. 
The lower pad may be bedded down on synthetic ‘ impact’ adhesive but must be 
set (or machined) dead level. The makers of certain types of built-up bearings 
state that a coefficient of friction as small as 0-05 may be expected with a useful 
life of 100 years. The author would introduce sliding joints of this type only as 
a last resort, if there were no alternative. 


Columns under Elevated Tanks 


The head of a column of height A in Fig. 18.12, supporting the floor of a tank 
at a distance R from the centre will be pushed out a distance 30 X 0:000006R 


L=800ab lb R ,| 


ia! Br fc = 1,200 Ib. per sq. in. 5 
| Ps= 2% 
Raye 
ia 


20 


— 


Fig. 18.12. 


when the temperature of the tank floor rises go deg. F. If the floor is comparatively 
stiff and the footing slabs are reasonably wide, as a first approximation, the assump- 
tion may be made that the tangent slopes at top and bottom of the column remain 
vertical. 

If 6 is the width of the column section and a the depth in the direction of move- 
ment, and if E, = 3,000,000 lb. per sq. in., 
I 


7a X 30 X o-000006R 


ba’ 
M = 6 X 3,000,000 x — X 
12 


abR . 
= 2a ae Ib.-in., when all lengths are expressed in inches. 


If the load L on the column is equal to 800ab Ib. and if the extreme fibre stress f, is 
1,200 lb. per sq. in., : 
dh Y 600 
ab ae 


From tabulated values, assuming the column is reinforced with 2 per cent. of vertical 


= 400. 
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steel, this corresponds to a value of ¢ of 0-185a where ¢ is the eccentricity of appli- 
cation of the load. 


Now also ¢ = M __ 270a°bR ato” 0°3370R 
L h? _ 800ab ih? 


3 2 
Therefore 0-185a = 03375R, and A = o-548(2) 
a 


If h = 15a, then R = 8-22h, and if h = toa, then R = 5;48h, etc., thus producing 
the curve shown in Fig. 18.12. Referring back to Fig. 18.4 and taking an 8-in. 
wall with h = 5 ft., the maximum permissible value of R from Fig. 18.12 to keep 
2 
within 1,200 lb. per sq. in. is R = 0-548 x a = 20°5 ft., which confirms 
O° 

that the method of construction will not work when R = 49°5 ft. If H in Fig. 
18.4 is increased by sinking the foundations, 
0°548h2 
0-667 

If the column height in Fig. 18.4 is increased from 5 ft. to 7:76 ft. the scheme be- 
comes workable. 

The curve shown in Fig. 18.12 only holds good for the particular values stated 
in the figure and makes no allowance for relief of the primary moments due to 
flexing of the floor slab or rocking over of the foundations. The values are intended 
only for making and checking preliminary designs. Before starting on a final 
design the maximum range of temperature appropriate to the particular structure 
being designed must be decided. The moments (and if necessary, the shears) 
in the complete structure must be computed and the sections designed accordingly. 


AG — OF Si Foe: 


Elementary Flat-slab Floors for Tanks 


The flat-slab floor shown in Fig. 18.13 is without column capitals, drop panels 
or sunk panels and does not rely for its strength or stiffness on the strength or stiff- 
ness of the columns that support it. This is the simplest and oldest form of flat- 
slab work. The most severe moment occurs over the penultimate column and 
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is — ;'sWin Strip A ora unit moment of —4W per unit width of slab. (The appro- , 
priate moments for all types of flat-slab work may be found in the author’s ‘ Rein- 
forced Concrete Design ’.) 

Since tension occurs on the water face the floor slab must be designed for a 
resistance moment of about 60bd?. 

As W = wil?, then —4W = —}wi? lb.-ft. per foot width, 
480d? 

[2 

the overall thickness of the slab in inches and / is the span in feet. 
Thus if d— 24 in. and) aon, 


< yeas A 
w = 480 X = == 1,230 lb. per sq. ft. 


—fwl* x 12 = 60 x 12 xa? or 


Ib. per sq. ft., where d is 


Since a 24-in. slab weighs goo Ib. per sq. ft. this leaves 930 lb. per sq. ft. for the 
XO —j 
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Fig. 18.14. 


water load, equivalent to a depth of 14-9 ft. This gives one point on the curve- 
in Fig. 18.14, which shows the maximum depth of water carried by various thicks 
nesses of slab over various spans. 

Assuming a column reinforced with about 2 per cent. of steel and subjected to 
an average compression of 800 lb. per sq. in., the column load is w/? which equals 
480d*. With a square column a in. by a in. in size, 800a2 = 480d? or a = 0-774. 
load 8002? 
4ad ss 4a X 1°29a 

Again, these values are only valid for the exact values of the working stresses 
that have been assumed. As is clear from Fig. 18.5, stresses due to temperature 
change can completely upset the maximum stresses due to the loading but a reference 
to Fig. 18.12 will at once show if any danger is likely from this source. 


The punching shear = 


= 155 lb. per sq. in. 
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Preliminary Design for Circular Tank to Hold 2,000,000 Gallons at 20 ft. 
above Ground Level 


When the dimensions of a tank are not already fixed by site conditions it is 
generally not possible to deduce what the most economical shape, type or ratio 
of width-to-depth will be and several alternatives must usually be worked out. 
2,000,000 gallons equals 320,000 cu. ft. 

Starting with the simplest type, a circular tank with a flat-slab floor similar 
to Fig. 18.13, the tank may be made either 


20 ft. deep by 142 ft. 6 in. in diameter, 


20eiewee. ~;,- EYOut. Gi in. 4 a 
AQHItMEs. ., 100 ft: TO inn ,, 5p 
or a HOGI piss OO tas Ine. , 
Starting with the tank go ft. deep, 
VH  V30 
SS = 0:0938. 
R 58-25 


As the floor is not anchored to the ground there will be some stretching and loss 
of restraint, but this is not a major item in a preliminary design and an approxi- 
mate value of the wall thickness can be obtained from Fig. 3.21. Working to a 
resistance-moment value of 60bd?, 

es O57. 80" 
gee 58-25 
Since the outside panels of the floor will have to be the same thickness as the wall, 
the simplest solution is to use an elementary flat-slab floor. For a depth of 30 ft. 
and a floor thickness of 32 in., the columns may be spaced at 15-ft. centres (see Fig. 
18.14). Assuming the outside columns are under the centre-line of the wall, they 
will be on a circle 119 ft. 2 in. in diameter. If there is no objection to a central 
column the diameter may be divided into eight spans of nearly 15 ft. each. The 
approximate column size is 0-774d = 0°774 X 32 =Ssay 25 in. by 25 in. The 
height of the columns / in Fig. 18.12 is 20 ft. and a = 25 in. = 2-08 ft. 


== 2°62 ft.; say 32 in. 


| 


if nee = 0°0938, then T = 0-17 


From Fig. 18.12 the maximum allowable value of R/h, to keep f, within 1,200 lb. 
per sq. in., is 5:25 or R = 5:25 X 20 = 105 ft., against an actual figure of 58-25 ft. 

The preliminary design for a 30-ft. depth is shown in the left-hand side of Fig. 
18.15. The preliminary design for a depth of 40 ft. is shown in the right-hand side 
of Fig. 18.15. The reader is left to calculate and draw preliminary designs for 
depths of 20 ft. and 50 ft. 

In practice it might be necessary to take off quantities of concrete, steel, shutter- 
ing, excavation, etc., and make a close estimate of the cost for three or four different 
schemes including the cost of the roof (if any). 

One item that must be considered is the capitalized cost of pumping. If the 
pressure head in the rising main is ample to reach a height of 70 ft. then the question 
does not arise, but if all the water has to be pumped from ground level the difference 
between pumping 40 ft. for a tank 20 ft. deep and 7o ft. for a tank 50 ft. deep might 
be an important item. 

The question as to whether or not it would pay to taper the tank wall is another 
item that must be investigated before a final design is reached. 

{3 
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PLAN LOOKING UP 
Fig. 18.15. 


Some Practical Considerations 


Reinforced concrete sleeper walls offer a simple and efficient structural support 
but they can be an expensive item; they are seldom fully loaded. The walls in 
Fig. 18.4 carry only about 7,500 lb. per foot run. Even if they are only 4 in. in 
thickness the stress therein is only 157 lb. per sq. in. Leaving large holes to lighten 
the wall will save a little concrete but introduces complications that cancel any such 
saving. The shuttering is an expensive item, particularly if the walls are curved. 
When the slab spans radially the arrangement of bars in radial and circumferential 
directions is more complicated and more costly than the normal arrangement 
where all bars are laid in straight lines at right-angles to one another. The design 
must always include some positive means for supporting the top steel in the slab, such 
as inclined bars or links. Propping them up on precast concrete blocks is not 
recommended for watertight work. 

The drawings must always show the position of the construction joints and the 
order in which the work is to be concreted. Special requirements where large 
quantities of concrete must be placed in a short time must be covered by the 
specification and by items in the bill of quantities. 


CHAPTER NINETEEN 


DEEP RECTANGULAR TANKS 


DEEP tanks with short sides are reinforced in the horizontal direction, each pair 
of end walls tying in the sides and resisting bursting under pressure from within. 

The analysis which follows also applies to underground tanks and pits subject 
to external pressure. The bending moments on the walls of such tanks may be 
found at once from the Theorem of Three Moments. The tank shown in Fig. 19.1 


{, 


Fig. 19.1. 


is J, long and /, wide, the values of the moments of inertia of a section of the long 
and short sides being J, and J, respectively. The tank is subjected to a net un- 
balanced pressure p. By symmetry, the moments My, Mg, Mg, and Mp at all 
the corners are equal, and 


Une i,® 
p [eae 
M4, = Mg = Me = Mp = .—_¢-. 


If the four walls are of the same thickness, then 
If the pressure is outward these bending moments produce tensile stresses on the 
inner face of the walls at the corners; if inward the tensile stresses are on the outer 
face. The diagram of bending moments is shown in Fig. 19.1. 

In addition to the bending moments the walls have to resist direct tension or 
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compression depending on whether the net effective pressure acts outwardly or 
inwardly. 


Deep Tanks with Two Compartments 


The lengths of the sides of the tank shown in Fig. 19.2a are l,, J,, and J. 
Assuming that the thicknesses are different, then the values of the coefficient of 
stiffness K (which is the moment of intertia of cross-section J divided by the length J) 
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for the different walls are K,, K, . . . as shown in Fig. 19.2b. Assume that the 
compartments are filled to different depths so that the net unbalanced pressures 
are as follows: on the external walls of the smaller compartment, p,; on the external 
walls of the larger compartment, f,; on the dividing wall, py. 

The problem may be solved by the displacement method. Drawing the dis- 
placements in Fig. 19.26, the tabulation is as in the following table. 


M, \- M, M, M | MM, M, | ™M, 


=n 7 = | 
Joints Fixed . '—p,l,?x:'z| +f,l,? +a —psle? X Ye —Pals? X ve | pili? X ve —Pals® X He |+ pale? X Fe 
Due to 4, . | 42K,6, | 4EK,6, ~— | — 2EK,0, | — = 
a9 99 Ds fe 2EK 6, ~ 4EK 0, 4EK;6, 4EK 6, = 2EK 6, 
> 99 Os : ae = 2EK 46, a a 4EK 0, 4EK 48, 
9 9) 64 ae 2EK 30, = <a = | = ad 
99 45 as = : a | 2EK;6; a aa a 
9999 9, ‘ a = = ror’ Ng — | 2EK 6, aa 
Due to symmetry, 6, = — 6;, 0, = — 0, and 0, = — 93. Due to the equili- 
brium of the three top corners, 
M, a M, =o. e . e ° (c) 
M,; - M, a. M; =o . . . . . (d) 
M, a M, =o . . . ° One (e) 


Assume that a strip of wall 1 ft. high has 15 ft. of water pressure in the smaller 
compartment, 10 ft. of water pressure in the larger compartment, and an earth 
pressure outside all around the tank of 300 Ib. per square foot. 

fy = (15 X 62-5) — 300 = 638 lb. per sq. ft. 
fz = (15 a 10) x 62:5 = 3135 99 9 9 
25 — (10 x 62:5) — 300 = 325 5. 59 99 ” 

Assume that J, = 8 ft., J, = 14 ft. and /, = 1o ft., that walls AB, AD and DE 
are g in. in thickness, and that walls BC, CF, FE, and BE are 12 in. thick. In 
units of pounds and feet, 


ER ouOe5 ye - 1 K 1 X (0°75)* I 
SS =— = ° A =S ee, COX ‘00 ° 
K, - x 3 00044. . K, a 7 000352 
Ex 14 I xe ae il 
i — = 0:00833. K, = X — = 0:00595. 
3 5 = x S 0°00633 4 s 14 595 


Inserting all the numerical values in the foregoing table, the three equations of 
equilibrium become 


0:02464E6, + 0-0088F6, = — 1,914. : (c) 
0-0088E6, + 0:05806F6, + o-o119H6; = + 4,510 . : (d) 
o-0119F£6, + 0:04046L0, = — 2,590 . : (e) 
Solving these equations: £6, = — 119,100; E0, = + 115,800; E0; = — 98,300. 
Inserting these three values in the foregoing table (all by slide-rule calculations): 
M, = — 4,480 lb.-ft. M, = + 4,482 lb.-ft. M, = — 3,712 lb.-ft. 
M,= — 678 Ib.-ft. M; = — 4,393 lb.-ft. M, = — 4,350 |b.-ft. 
M, = + 4,340 I|b.-ft. 


from which the complete bending-moment diagram can be easily drawn (Fig. 19.2c). 
To save overlapping at the corners this figure shows the bending-moment 
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diagrams drawn and hatched on the compression side of the members. The free 
moment on side BC is 3p3/,2 = 1 X 325 xX 142 = 7,960 lb.-ft. Since the bending 
moments at the ends of BC are (numerically) 3,712 lb.-ft. and 4,340 l|b.-ft., the 
maximum bending moment near midspan is very nearly 3,390 lb.-ft. (tension at 
outer face). Since the tank is g ft. wide inside there is also a direct tension in the 
side BC of 4 X Obs = 4°5 X 325 = 1,460 lb. 

As a matter of interest, £0, = — 119,100 in pound and foot units. If 
E = 3,000,000 X 144 lb. per sq. ft., 

6, = —— 219,100 — yadians = — 0:0158 deg.; 
3,000,000 X_144 
that is, the corner may rotate 5:7 seconds of an arc in a clockwise direction due 
to this particular loading. 

In a rectangular tank above ground level divided by a partition wall into two 
square compartments, if both compartments are filled to the same depth with 
liquids of the same densities the moment in the partition wall strip is zero, In 
the other walls the moments at midspan are + ;;p/?, where / is the length of the 
side of the square. At all the corners the moments are — +';/?. 


CHAPTER TWENTY 


TANKS BELOW GROUND-WATER LEVEL 


Tue general problem in the design of tanks below ground-water level is indicated 
in Fig. 20.1, the first requirement being that the tank must not float when it is 
empty. Some inexperienced engineers find it difficult to believe that a large tank 
can actually float upwards but they may rest assured that this can and does happen. 

In some cases it is essential to ensure that there is no leakage of ground water 
into the tank. In other cases this point is of no importance and the designer may 
consider relieving the upward pressure on the floor of the tank by inserting relief 
valves, provided these can be inspected and checked annually. Assuming that this 
relief cannot be provided, the total weight of the empty tank must exceed the flota- 
tion value to give a small factor of safety say 1-10 to 1:25, depending on the accuracy 
of local records of the highest possible ground-water level. 

The total weight will, of course, include all permanent construction such as a 
roof or superstructure. Sometimes large buildings have basements or elevator pits 
well below ground-water level that are under the same conditions of flotation, and 


Upward Water pressure 
Fig. 20.1. 


steps must be taken to prevent their floating during construction before the super- 
structure is sufficiently complete to hold them down. Sometimes the weight includes 
a considerable volume of earth. Many British designers would insist that the total 
weight of permanent construction must be at least equal to the flotation but would 
include the weight of this earth in the factor of safety. 

If the weight of the tank, using the minimum sections necessary to carry the 
loads, is less than the flotation value the question arises as to the best way of dis- 
posing of the additional concrete which is required to weight it down. A cubic 
foot of concrete above water level weighs 150 lb. but an additional cubic foot below 
the floor or outside the wall of the tank has an effective weight of only (150 — 62°5) 
lb. if it is below ground-water level. On a firm site where the floor sits directly 
on the ground, the addition of a 1-ft. thickness to the roof (if any) increases the 
moments in both the roof and the floor. Adding a thickness of 1-715 ft. below 
the floor increases the excavation but does not increase the moments. Increasing 
the thickness of any member increases the lever arm and decreases the area of steel, 
but this advantage vanishes when the calculated area of steel falls below 0-3 per cent. 


226 RESERVOIRS AND TANKS 


All construction work on ground has a 3-in. layer of mass concrete under it, 
but this cannot be included in the effective weight as there is no real bond between 
this layer and the floor proper. 

Usually alternative schemes must be prepared and priced. 

On soft sites where the tank has to be supported on piles these may be relied 
on to resist part of the effects of flotation if withdrawal tests show this will be safe. 

In exceptional cases the tank may be held down by piles, either driven or bored, 
which are provided solely for this purpose. The safe resistance to withdrawal of 
a driven or a bored pile should be established by test loading. 

A method of preventing uplift, which has been used in the construction of docks, 
subjected to upward pressure due to high tides when the dock is empty, is to anchor 
the bottom slab by screw piles. These generally have a 3-in. to 8-in. solid wrought 
iron or steel shaft with a cast-iron or cast-steel helicoid having a diameter from 3 to 


——_— et 


ame a 
WVU 


Fig. 20.2. 


6 times that of the shaft and a pitch of about one-third of its diameter. The helicoid 
has seldom more than one turn. The piles are sunk by capstan and winch or by 
worm gearing. 

Where this type of construction is adopted the pile head protrudes through 
the reinforced floor slab of the dock, and this is strengthened locally to form a pile 
cap (Fig. 20.2). A steel cap is fixed on the head of the pile by a cotter pin passing 
through the cap and the shaft, and the caps are covered by the plain concrete floor 
resting on the reinforced slab. 

When resisting tension the pull in each screw pile may be considered to be 
balanced by the dead weight of a truncated cone of earth whose apex is below the 
blade of the pile. It is a matter of experience in this class of work to determine 
the probable value of the solid angle at the apex of the cone. 

Reinforced concrete screw piles have been used. The reader is referred to 
descriptions which have appeared elsewhere. 


Loading on Walls 


If the tank stands in waterlogged granular material the total pressure on the walls 
under severe earthquake conditions may reach a figure of about 125 lb. per sq. ft. 
per foot of depth. Pressure from newly-pumped silt or fine sand (or from very 
soft plastic clay) might also reach a high figure. Arguing from the analogy of 
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the upward pressure of wet concrete it seems unlikely that the active upward pres- 
sure on the floor, even under these conditions, would exceed 62:5 Ib. per sq. ft. per 
foot of depth. 

If the lateral pressure of the granular material when dry is 18 lb. per sq. ft. 
per foot of depth, the specific gravity of the sand grains being 2-65, the total lateral 
pressure of waterlogged sand under quiescent conditions may be taken as 


6 
62°5 + (= x 8) = 73°7 lb. per sq. ft. per foot of depth. 


The author knows no large-scale insitu measurements that would confirm this figure 
but, if a permissible steel stress of 12,000 lb. per sq. in. is used, no damage is likely 
if the pressure rises from 73:7 to 100 lb. per sq. ft. 


Loading on Floor 


On firm but waterlogged sites it is usual to assume that the load is distributed 
evenly (or in a straight-line variation if eccentrically applied) over the foundation 
and not concentrated under load-bearing walls or columns. The weight of water 
standing on the floor and the self-weight of the floor are assumed to pass directly 
to the foundation. In the tank in Fig. 20.1 the effective upward loading on a panel 
near the centre of the floor, as far as the moments and shears are concerned, is the 
same as the loading on the panel of roof immediately above plus a small additional 
item due to the self-weight of the column. This effective loading is the same 
whether the tank is full or empty and whether the ground water is at its highest 
or lowest level. 

On soft sites where the tank is supported on piles, piers or sleeper walls, the 
whole of the weight of the tank and contents less the uplift from ground water at 
its minimum level (natural or pumped-down) must be carried to the points of support. 


Design of Walls 


It will be clear from Chapters 9 and 11 that the design of reinforced concrete 
cantilevered walls becomes impracticable when upward water pressure develops on 
the underside of the base although gravity walls of mass concrete may be used for 
small depths. The advantages of a circular wall are obvious and for a large tank 
this is often the only reasonable solution. The critical condition of a ring carrying 
a uniform external pressure p is given by the formula p = 3EI/R?. 

If p = 62°5h and E = 3,000,000 X 144 lb. per sq. ft., the minimum buckling 
thickness 7 of a free-standing wall is given by T = Wh x ai 

If R = 100 ft. and h = 40 ft., then T = 2°85 ft. This formula could only apply 
to a wall with a sliding joint at the base surrounded by water. In Fig. 20.3, the 
critical values of T for depths up to 50 ft. for a tank 200 ft. in diameter are shown. 
Since 7 varies directly as R the thicknesses for a tank 100 ft. in diameter (R = 50) 
would be one-half of those shown in Fig. 20.3. 

Very heavy work which falls within the province of dock and harbour engineering 
is outside the scope of this book. 

For a deep tank with short plan dimensions the walls may span horizontally. 
The moments may be found by the methods described in Chapter 19. For a long 
narrow tank any of the sections shown in Fig. 20.4a, 6 or c could be used. The 
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design in Fig. 20.4b can be adopted only if the internal counterforts and floor 
beams do not interfere with the use of the tank. The design in Fig. 20.4c, with 
a single tie above water level, may be used for widths of up to 50 ft. if the 
bottom slab is heavy enough to resist the upward water pressure. Beyond this 


— te 10" 
h = 10-0” 
h 
In) rloyetoy! 
In ea clojelou 
R =100'-O"” 


Fig. 20.3. 


point the thermal expansion and contraction of the tie poses a problem (see Chap- 
ter 12). A second strut halfway down, if permitted, would give a cheaper design. 
The design in Fig. 20.5 is seldom used owing to the difficulties of construction. A 
deep narrow beam in waterlogged ground may be built inside a close-timbered 
trench, the timbering, being left in, but if the soil is fairly stiff it is better to excavate 


C 


Fig. 20.4. 
the ground to its natural slope, as in Fig. 20.5, and form a trench in mass concrete 
inside which the beam can be cast. 


A preliminary design for one internal bay of a large drainage reservoir is shown 
in Fig. 20.6. The reservoir sits on water-bearing ballast. Under the worst winter 
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conditions the ground water may rise to the level shown. Under summer condi- 
tions it may fall well below the underside of the floor. The reservoir has to be 
15 ft. deep and in order to get a closer look at the problems involved, a provisional 
design may be prepared assuming that the spacing of the columns is equal to the 


Mass 
7 concrete 
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Fig. 20.6. 


depth of water. Using an elementary flat-slab design, making the thickness of the 
floor and roof equal to one-twelfth of the span and guessing the sizes of the columns, 
the dimensions in the left-hand side of the figure are obtained. 

The load on the roof is 2 ft. of earth plus some imposed load—say a total of 250 lb. 
per sq. ft., and the self-weight of the slab is 180 lb. per sq. ft. Thus the total load 
on the panel is 15 X 15 (250 + 180) = 96,900 lb. 

Taking controlling unit moments of —}W and + ,W for end bay conditions: 


—4}W= — ee = — 145,000 lb.-in. per foot. 
toW = + ae = + 116,000 lb.-in. per foot. 


The effective upward load on the floor will be very nearly the same as the load 
on the roof. Taking the view that the underside of the floor is a face ‘ in contact 
with water ’ and designing the floor to carry — 145,000 lb.-in. (assuming a resistance 
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moment of 60bd2) a thickness of 14:2 in. is required. This design is sound structur- 
ally but the possibility of flotation must now be checked. 
Weight of one bay (ignoring earth): 


Roof: 15 X 15 X 180 = 40,500 lb. 


Column: 15°5 X 225 = 3.5000 1b: 
Floor: 15 X 15 X 180 = 40,500 lb. 
84,500 lb. 


Flotation: 15 X 15 X 11°25 X 62:5 = 158,000 lb. 
Uplift = 158,000 — 84,500 = 73,500 lb. 
73,500 | 
15 X 15 
If the roof and floor are to be made the same thickness and both are increased in 
thickness by 1 ft.: 


Addition of 1 ft. to roof = 144 Ib. per sq. ft. 
Addition of 1 ft. to floor = 81-5 Ib. per sq. ft. 


225°5 lb. per sq. ft. 


= 927 lbaper squat, 


327 
225°5 
If the thicknesses of both floor and roof are made 15 + 18 = 33 in., the bay will be 
just safe when empty with no earth on the roof. Earth = say 15 X 15 X 200 lb. 
= 45,000 lb. With the earth in place the design shown on the right-hand side 
of Fig. 20.6 has a factor of safety against flotation of 1°27. 

The effective upward load on the floor including the earth and imposed load 
is now 663 lb. per sq. ft. and W = 663 x 15 X 15 = 149,000 lb. 

Controlling M = 4 X 149,000 X 12 = 224,000 lb.-in. per foot. 


= 1°45 ft., say 18 in. 


224,000 


At 12,000 lb. per sq. in.,, A,z = —— = 0°67 sq. in. 
s Sie ae 12,000 X 0°9 X 3I 7 84 
; 03 : 
0-3 per cent. of the section = as X 12 X 33 = I'1g sq. in. 


This is 78 per cent. more steel than is required to resist the maximum moment. 
If the designer is not prepared to provide less than 0-3 per cent. of steel where 
the maximum moments occur, the moment can be increased by 78 per cent., which 
means increasing W by 78 per cent. or increasing the column spacing from 15, ft. 
by 15 ft. to 20 ft. by 20 ft. Any column spacing up to 20 ft. that fits in with the 
overall width of the reservoir could therefore be used if 0-3 per cent. of steel is 
provided to resist the main moments. A slab 33 in. thick with a resistance moment 
of 60bd? will resist 785,000 lb.-in., which is 3:5 times 224,000 lb.-in. The column 
spacing could then be increased to 28 ft. by 28 ft. without overstressing the concrete 
in tension, but A,; would have to be increased from 1:19 sq. in. to 2°55 sq. in. 

This is as far as a preliminary design can go. From this point it becomes neces- 
sary to make a close study of site conditions before making final adjustments. 

A preliminary design for a tank 15 ft. by 15 ft. by ro ft. deep is shown in Fig. 
20.7. Under flood conditions the ground water may rise to ground level. The 
tank is to have a factor of safety against flotation of 1:1. 

Design may be commenced assuming that the walls and floor are the saMe 
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thickness. This thickness can then either be calculated or determined by trial and 
error. 
If the thickness of the walls and floor is 2 ft. and it is assumed that the con- 
crete weighs 144 lb. per cu. ft.: 
Weight = 144[(19? x 12°5) — (15? X 10°5)] = 311,000 lb. 


Flotation = 62:5 x 19? xX 12 == 271,000 lb. 


11,000 
oe == 1°15. 


Factor of safety = 


271,000 
Assuming the weight is spread evenly over the foundation, 
Upthrust = 862 lb. per sq. ft. 
The floor weighs 311,000/192 = _— 288 |b. per sq. ft. 


574 lb. per sq. ft. 


=o " 


lo'-0” 
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Fig. 20.7. 
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Fig. 20.8. 


The maximum ground-water pressure under the floor is 
12 X 62:5 = 750 Ib. per sq. ft. 
Designing the floor as a 17-ft. by 17-ft. mesh panel, W = 17? X 574 = 166,000 lb. 


Designing the walls to cantilever from the floor, 
Water pressure = 0°5 X 62:5 X 10? = 3,130 lb. per foot run. 


M = 3,130 X 40 = 125,000 lb.-in. 
If the tank is built in open excavation under dry summer conditions the edge of 
the floor slab will have this moment imposed on the primary moment of 3/;W. 
Unit M in floor = (;; X 166,000 x 12) + 125,000 = 208,000 lb.-in. 
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125,000 
12,000 X 0:86.x 22 

208,000 
12,000 X 0:86 X 21°5 
If 3-in. diam. bars are provided at g-in. centres in each wall and these are run 
across the floor, this arrangement gives 0:59 sq. in. in the wall and 1-18 sq. in. 
near the top of the floor (see the left-hand side of Fig. 20.9). ‘This leaves an area of 
(1:18 — 0:94) = 0°24 sq. in. 
to take the direct tension if necessary. In most cases of tanks sitting directly on 


the ground (as distinct from those supported on piles) this may be assumed to be 
taken by friction or counterpressure. If friction and counterpressure are ignored, 


A,, at base of wall’ = = 0°55 sq. in. 


A,, in floor = = 0°94 sq. in. 


U- bars 


See ® | © 


Ll 
SQUARE ROUND 
Fig. 20.9. 

and all the tension is taken on the top steel, the additional area required would be 
3,130 
12,000 

With such thick sections in a small tank the requirement of a minimum steel 
area of 0-15 per cent. of bd is often the deciding factor. 

O-15 per cent. of 12 in. X 24 in. = 0°432 sq. in.; 

say not less than }-in. diam. bars at 12-in. centres. 


In Fig. 20.8 an alternative arrangement to Fig. 20.7 is shown, using a circular 
tank of similar capacity. 


= 0'261 sq. in. so this requirement is practically covered in any case. 


: oe 10 a. 
VIR © V2 ae ae 
From Fig. 3.13, M = 0-2 X 62:5 X 10 X 2 X 8-5 = 2,120 |b.-ft. 

= 25,500 lb.-in. 
From Fig. 3.11, F = 0-26 X 62°5 X 10? = 1,620 lb. 
The net upward load on the floor is 518 Ib. per sq. ft. 


Calculating the restraint moment and shear, 
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Designing the floor as a mesh panel 19 ft. in diameter and adding the edge moment, 
Unit M = (54 x 518 X 19? X 12) + 25,500 = 119,100 lb.-in. 


119,100 


A = = 0 
a ton 12,000 X 0:86 X 21°5 CABO Least 

= oe |. 1,620 ‘ 
Direct tension = apres = 0'135 sq. in. 
SOAs Is 


Say 3-in. diam. bars at 5}3-in. centres (0°67 sq. in.). 
The restraint moment and maximum hoop tension both require less than 0-15 
per cent. of steel. 

Preliminary steel details for both square and round tanks are shown in Fig. 20.9. 


Tanks as Caissons 


Tanks below ground level may be sunk as caissons. For further information see 
the Author’s ‘ Design and Construction of Foundations ’. 


Earth-loaded Tanks 


In Fig. 20.10 a preliminary design is shown for an open-topped tank go ft. by 
30 ft. by 10 ft. deep, for which a substantial part of the uplift is taken by earth filling. 
The requirements are that the walls must resist pressure from 10 ft. of water before 
the earth backing is placed and that the tank must not float when ground-water 
level reaches the top of the wall. 
M from 1o-ft. head of water = 0:167 X 62°5 x 10 X 12 = 125,000 |b.-in. 
d required for resistance-moment value of 60bd? = 13:2 in.; say 14 in. 
Guessing that the floor will be a little thicker than the wall, a thickness of 18 in. 


y—Max.G.W.L, | 
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io" ue Ib. per sq. ft. 


Fig. 20.10. 


may be assumed. Ignoring the projection of the floor slab and dealing with the 
stability of the tank when this is omitted: 
Weight of walls: (60 + 64:67) x 10 X 168 = 209,500 lb. 
Net floor: 32°33? X 216 - = = 226,000 Ib. 
435,500 lb. 


The flotation would be 62:5 x 32°337 X 11°5 ft. = 753,000 lb. 

With absolutely no outside projection there will be a net uplift of (753,00 — 435,500) 
or 317,500 lb. Every square foot of projection will carry 6 in. of water above ground 
level, 9 ft. 6 in. of earth and the self-weight of the 18-in. floor, a total of say 


234, RESERVOIRS AND TANKS 


(31-25 + 950 + 216) = 1,197 lb.; its displacement is 1-0 X I-O X I1°5 Cu. ft., equal 
to 11°5 X 62:5 = 720 lb. Every square foot of projection thus gives (1,197 — 720) 


17,500 
or 477 lb. of additional load. To balance 317,500 |b.,an area of —- = 669'sqra 


is required. The outside dimension will then be 663 + 32°33? = 4135 tt 
which means that a 4-ft. 6-in. projection is required all round. Checking this: 


Weight of walls = 209,500 |b. 
18-in. floor = A-397 xX 210 == 370,000 lb. 
earth == 603 K 9°5 X 100 = 630,000 |b. 
6-in. water =~-663 X 31°25 = 20,700 lb. 

1,230,200 lb. 
Flotation = 41°33? X 11°5 X 62:5 = 1,230,000 lb. 


Assuming that the total weight is spread uniformly over the base. 
1,230,000 
41°33" 
The net uplift under the centre of the tank is (720 — 216) = 504 lb. per sq. ft. 
The net downward load on the projection (as already calculated) is 477 lb. per sq. ft. 
Moment at base of wall from ground water and submerged earth: 

0167 X 62°5 X 103 X 12 = 125,000 lb.-in. 
0:167 X 11°2 X 95° X 12 = 19,000 |b.-in. 
laces. 


Pressure = == 720 by per sq. it. 


Cantilever moment on toe = 0°5 X 477 X 4°52 X 12 or 58,000 Ib.-in. 

Designing the main part of the floor as a mesh panel 31 ft. 2 in. by 31 ft. 2 in, 
and carrying an upward net pressure of 504 lb. per sq. ft., it will be seen from Fig. 
20.11 (which shows the joint at the base of the wall) that this panel has a reversed 


144,200 lbb-in, 


86,200 lb-in. | a [52,000 Ib-in. 


Fig. 20.11. 


moment of (144,200 — 58,000) or 86,200 lb.-in. per foot run of wall along its 
perimeter. 


Average positive moment in panel 
x 


= g7W — 86,200 = 34(504 X 31°17?) X 12 — 86,200 = 158,800 Ib.-in. 
This figure assumes that absolutely uniform conditions occur round the whole 
tank and is a minimum value which occurs under the best site conditions. The 
author would generally not go below ;1;W for an average site or 
30 (504 X 31°17?) X 12 = 196,600 lb.-in. 
With an 18-in. slab this only represents a moment of 50bd?. 
Only the weight of the earth standing directly over the floor has been included. 
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This is equivalent to assuming that, if the tank floated, the earth would rupture 
on the vertical planes shown by broken lines in Fig. 20.10. Most soils would tend 
to rupture on an inclined plane, thus tending to increase the effective downward 
load from the earth but this increase might be small in waterlogged non-cohesive 
ground. Ignoring this additional safeguard the factor of safety against uplift is 
1-00. If the concrete weighs less than 144 Ib. per cu. ft. or the earth less than 
100 Ib. per cu. ft., or if the ground water turns out to be saline and weighs 64 lb. 
per cu. ft., the factor may be nearer 0-95. In view of the little extra material 
required, an increase in the width of the toe from 4 ft. 6 in. to 5 ft. is indicated. 


CHAPTER TWENTY-ONE 


PYRAMIDAL AND CONICAL TANKS 


Deep pyramidal settling-tanks were once fairly common. Today a shallow tank 
with only a small slope on the floor and provided with sweeping apparatus is more 
usual. Deep tanks are mostly, if not wholly, below ground and their design depends 
on the type of soil. 


Tanks in Hard Dry Soil 


In hard dry ground such as solid chalk the excavation may be trimmed to 
shape and will stand without support, the sloping slab being cast against the soil. 
A nominal 6-in. slab with 0-3 per cent. of steel in both directions, as shown in 


Hard 
Dry 
Ground 


~~ 


Fig. 21.1. 


—— 50-0" x 50'-O" Filling to be 


added 


Fig. 21.2. 


Fig. 21.1, is ample for strength, but it is necessary to allow another 2 in. or so to 
make sure of maintaining the correct concrete cover to the outside face of the steel 
if small pieces of soil break off during concreting. 


In rock a 3-in. facing of dense mass concrete may be sufficient, but there is sure 
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to be overbreak and a ‘ 3-in. slab’ may have an average thickness of 9 in. or more. 
In Fig. 21.2 a typical section through a group of four pyramidal tanks 25 ft. by 25 ft. 
in size, constructed in hard dry ground, is shown. 

The beginner should notice that the slope down the diagonal of a square tank 
is less than the slope down the side. If the slope on the diagonal is 45 deg., the 
side slopes at 54 deg. 45 min. If the side slopes at 60 deg., the slope down the 
diagonal is 50 deg. 47 min. 

The only difficulty in design arises if part of the tank lies above the original 
ground level, as in Fig. 21.2, and shown in detail in Fig. 21.3. The water pressure 
of 2,050 lb. per foot run of wall is resisted by three forces R,, R, and R;. The wall, 
which cantilevers from the base, is assumed to rotate round its inside edge producing 
a triangular reaction R,. The value of this reaction is obtained by taking moments 
about the point where R, and R, intersect. The value of R,; may be obtained by 


2,050 


Fig. 21.3. 


resolving vertically and R, may then be found by resolving horizontally. External 
earth pressure, when the tank is empty, tends to drive the wall into the hole and there 
may not be sufficient friction between the underside of the base and the soil to keep 
itin place. The pressure from 8 ft. of filling will not exceed 640 Ib. per foot run of 
wall. If the base of the wall is 12 in. by 56 in. in size and is designed as a square 
collar beam running round the four tanks, the beam spans 54 ft. 8 in. If this base 
carries all the earth pressure, M =, x 640 x 54:67? X 12 = 1,740,000 Ib.-in. 
With a resistance-moment value of 60bd?, the safe moment on the base acting as 
a beam is 60 X 12 X 56? = 2,260,000 lb.-in. 

In designing the section at the base of the vertical wall the moment from the 
eccentric loads from the overflow trough must be added to the cantilever moment 
from the water pressure. 

The design of the upper part of an isolated conical tank in hard dry ground is 
similar to the design shown in Figs. 21.9, 21.10, and 21.11. 
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Tanks in Soft Wet Ground 


If a tank is to be constructed in soft wet ground the bottom of the tank must 
be taken down to a hard firm foundation. In Fig. 21.4 theoretical thin-walled 
tanks in very soft ground which is unable to supply any vertical or horizontal 
support are shown, the whole weight of the tank and contents being carried on 
the bottom point. As far as internal pressures are concerned the tanks are in the 
same state as tanks built wholly above ground level. 

The sloping walls of the square tank may be designed as spanning a distance L 
under a pressure p. As span L increases, p decreases. The moment of +',pL? is 


Ww 


ground 


Fig. 21.4. 


a maximum when h, = 3H and M = #,wH® tan? 0, where w is the weight per 
cu. ft. of the contents. If H = 25 ft., 6 = 30 deg. and w = 64 |b. per cu. ft., 
M = X 64 X 253 x 4 = 16,500 lb.-ft. per foot width. 

If this has to be resisted with a resistance-moment value of 60bd?, d = 16-6 in. In 
practice the component of the self-weight at right-angles to the slope must be added 
to p. If the thickness of the sloping wall is 18 in. it weighs 216 lb. per sq. ft., and 
if 0 = 30 deg., the component is 216 sin 6 = 108 lb. per sq. ft.; if L = 19°25 ft., the 

moment is increased by 7; X 108 X 19°25% = 3,340 lb.-ft. 

The sloping wall of the conical tank may be designed as a slab subjected to ring 
tension. The tension per foot height of slope in Fig. 21.4 is pr, where r is the radius 
of curvature measured at right-angles to the slope (not the radius in a horizontal 
plane). As h, increases, r increases but p decreases. Ignoring the self-weight of 
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the wall, the ring tension is a maximum when A, = 05H. If H = 25 ft. and 
6 = 30 deg., then r = 8-33 ft. when A, = 12°5 ft. 
Assuming w = 64 lb. per cu. ft., p = 64 x 12-5 = 800 lb. per sq. ft. and 
ring tension = 800 X 8:33 = 6,650lb. perfoot. Ifthe wall is 8 in. in thickness the ring 
6,650 
x 


tension in the concrete is only = Go.lb. per sq. in. 
2 


‘The component of the self-weight of an 8-in. wall is 50 Ib. per sq. ft. and this 
would increase the ring tension by 6°25 per cent. 


Flotation 


Although there may be a considerable amount of mass concrete outside the tank, 
experience shows that there is no adhesion between weak mass concrete and rein- 
forced concrete cast against it, either some days or weeks later. 

The reinforced concrete structure must be sufficiently heavy to resist flotation 
on its own without any assistance from the mass concrete outside it. To obtain 
some approximate figures consider the thin theoretical pyramidal tank in Fig. 21.5. 


Fig. 21.5. 


The figure shows the portion of the tank below ground-water level. Assuming 
the walls are of uniform thickness of 7’ feet and the material of which they are made 
weighs w, Ib. per cu. ft. Then 


2 
weight =  Necaalae a ie 
cos 6 
eee tan 
If w is the weight of the ground-water per cu. ft., the flotation is 4 = 
If the tank is just in equilibrium, 
2 €aan2 : 
4H’? tan 6Tw, 4H* tan ae oe Hsin 6 vee 
cos 6 ; eed 3 We 


This relation is also true for a conical tank. If 6 = 30 deg., w = 62°5 and 
w, = 150 Ib. per cu. ft., T = 0-0695H. If H = 20 ft., then T = 1-39 ft. 

Every practical case is complicated by the actual thickness of the wall (assumed 
as negligible in Fig. 21.5), by the weight of those parts of the walls and overflow 
channels above ground-water level, and by various local thickenings. 

When the tank is empty the walls must resist external pressure from the ground 
water, but in this case the component of their self-weight decreases the effective 
pressure and the thickness required to resist ground-water pressure will be less 
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than the thickness required to hold the internal pressure. In Fig. 21.6 a preliminary 
design is shown for a set of four tanks having the same internal dimensions as those 
in Fig. 21.2. The intersection point of the internal slopes lies 21-65 ft. below the 
foot of the vertical wall, corresponding to say, H = 30 ft. in Fig.21.4. The maximum 


External Counterfort Internal Counterfort 
(if no internal work permitted) (if permitted) 


qi. x 
| ——_—_—____» ‘+4ard ground 
126" x 12'- @" 


Fig. 21.6. 


moment in the sloping wall occurs about 0:33H or 10 ft. down, where p = 10 X 64 
or 640 lb. per sq. ft. The effective span Z at this point, measured centre-to-centre 
of walls, is about 25 ft. Assuming the thickness of the wall is 2 ft., the resolved 
component is 150 lb. per sq. ft. 


M = (640 + 150) X 25? x — = 494,000 lb.-in. 
I 
With a resistance-moment value of 60bd?, d = 26-2 in.; say 27 in. 


There is also a direct tension of about 9,000 lb. and the final design should be 
adjusted to cover this. The intersection point of the outer slopes lies 54 in. below 
the intersection point of the inner slopes or, says, 34 ft. 6 in. below water level. 
Working backward from the flotation formula relating to Fig. 21.5, T = 0-0695H. 
If T = 2-25 ft., then H = 32-4 ft. Approximately speaking the tank would be 
on the point of floating if the ground-water level rose to within 2 ft. of the top of 
the vertical wall. This must be checked exactly when the final design is prepared. 
The weight of the contents of one compartment is 


64[(25 X 25 X 8) + 4(25 x 25 X 21°65)] = 610,000 lb. 
The approximate weight of the wall is 
4H? tanO0Tw, 4 X 34°57 X 0°577 X 2°25 X 150 
cos 6 0-866 


= 1,070,000 1h: 
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The approximate total is therefore 1,680,000 Ib. or 750 tons on the foundation, 
which is shown as 12 ft. square, giving a bearing pressure of 5} tons per sq. ft. As- 
suming that all internal ties and internal counterforts are forbidden, the internal 
pressure on the vertical wall can be spanned horizontally and picked up by 
U-shaped external counterforts, as shown on the left-hand side of Fig. 21.6 and 
in Fig. 21.7. The horizontal leg of this counterfort consists of a beam 6 ft. 6 in. 
deep and 27-7 in. wide at the top, surmounted by a precast coping. 
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Fig. 21.7. 


The vertical wall spans 26 ft. horizontally. Maximum pressure = 8 x 64 or 

512 lb. per sq. ft. 

M = 512 X 262 X 33 = 347,000 lb.-in. 

Direct tension = 512 X 12°5 = 6,400 lb. 
Using a 24-in. wall, a resistance moment of 60bd? gives 60 X 12 X 24? or 
415,000 Ib.-in. Stress due to direct tension = 22 Ib. per sq. in. 

The vertical wall weighs about 3,000 lb. per ft. This is carried to the founda- 
tion by a thrust in the sloping wall, which is inclined at go deg. to the vertical, 
as shown in Fig. 21.7. Resolving vertically, thrust in wall = 3,000 sec. 30 deg. 
or 3,460 Ib. The unbalanced horizontal component of this thrust is 1,730 lb. and 
the lower part of the wall is thickened out to 3 ft. over a height of 3 ft. to resist 
this horizontal force. Fluid pressure over height of 3 ft. at an average depth of 
8 ft. 6 in. = 8-5 x 64 X 3 = 1,630 lb. 

M = (1,630 + 1,730) X 26:52 x +2 = 2,360,000 lb.-in. 
A resistance-moment value of 606d? gives 60 x 36 X 36? = 2,800,000 lb.-in. The 
vertical leg of the counterfort carries the pressure acting on a width of 25 ft. and 
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a height of 10 ft. The total pressure is } X 64 X 107 X 25 = 80,000 lb. The 
counterfort also has to carry a 25-ft. run of the horizontal component of 1,730 lb. 
per foot, or a total load of 43,300 lb. 
M on centre-line of beam = 80,000 X 6 ft. 7 in. = 6,320,000 Ib.-in. 

+ 43,300 X 4 ft. g in. = 2,460,000 ,, ,, 
8,780,000 Ib.-in. 


M _ -8,780,000 
bd? 27-7 Xx 78? 
80,000 + 43,300 
27°77 x 78 
Allowing for the steel, the tensile stress on the concrete will be about 300 lb. per 
sq. in. 


Direct tension = = 757 lo.) per sq.m: 


‘ 8,780,000 ‘ 
A f = a an = 11°80 sq. in. 
Me 12,000 X 0:86 X 72 - 
123, 
SEE = 5°15 9 99 
2 X 12,000 
16-95 sq. in. 


Say ten 14-in. diam. bars (17°67 sq. in.). 

This completes the preliminary design. The preparation of the final design is now 
only a matter of detail. Firstly, plans and sections must be drawn to a larger scale 
and the total volume and total weight of the concrete must be calculated exactly 
and compared with the flotation. The moments, shears and direct tensions must 
be checked at all points. The long bars, shown in section in fig. 21.7, should be 
welded, the steel arrangement elsewhere presenting no particular problems. 

If the vertical legs of the counterforts are placed outside the tank (as shown in 
the left-hand side of Fig. 21.6) they may greatly increase the difficulties of construc- 
tion. The alternative internal counterfort, shown in the right-hand side of 
Fig. 21.6 is a much simpler job. 

A comparison between Fig. 21.2 and Fig. 21.6 emphasizes the difficulty and cost 
of constructing tanks below ground-water level in soft waterlogged ground and 
illustrates how much simpler it would be to build a shallow tank on 30-ft. piles 
than the massive tank in Fig. 21.6. It also raises one of the most difficult problems 
that an engineer has to face. In sound dry rock the design in Fig. 21.2 is adequate. 
In soft waterlogged ground when the ground-water level rises close to ground level — 
the heavy sections in Fig. 21.6 are necessary to prevent flotation. These two 
examples are extremes and on most sites the conditions are not sufficiently good 
to justify the design shown in Fig. 21.2 and not sufficiently bad to need the heavy 
sections shown in Fig. 21.6. 

If the ground is soft but the maximum ground-water level is low, the author 
would suggest reducing the sizes of the sections in Fig. 21.6 by designing them for 
a resistance-moment value of 100bd? instead of 60bd? and by raising the permissible 
steel stress from 12,000 to 16,000 Ib. per sq. in. Some designs have been based on 
the assumption that the ground carries one-half of the load, the structure carrying 
the remainder. This is the same as carrying all the load at 1206d? with a steel 
stress of 24,000 lb. per sq. in. Only a close and expert study of site conditions 
can enable a sound decision to be reached. 

If the tanks are small and the foundation layer deep down, they may be sup- 
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ported on piles, the vertical walls acting as beams from which the hoppers are 
suspended and the design being similar to that of a small coal hopper (see Fig. 21.8). 
A preliminary design for an isolated conical tank 25 ft. in diameter with sides sloping 
at 60 deg. to the horizontal and containing fluid weighing 64 Ib. per cu. ft. is 
shown in Fig. 21.9. Since the whole load has to be carried to the foundation the 
walls are ‘ load-bearing ’ and should not be less than 8 in. in thickness. The value 
of H in Fig. 21.4 is 8-0 + 21:65 = 29°65 ft. The maximum hoop tension in the 


cone occurs at a depth of 14-83 ft., where the value of 7 is 9-9 ft. To the pressure 
of the liquid the resolved part of the self-weight must be added, which is 0-5 x 100 
or 50 lb. per sq. ft. 
p= 2409. 64 — ~ 950 Ibs per sq. ft. 
= 50 33 99 39 33 
1,000 lb. per sq. ft. 


Ring tension per foot of height on slope = 1,000 X 9:9 = 9,900 lb. 
On a section 8 in. by 12 in. in size, this is only 103 lb. per sq. in. The ring tension 
at the base of the vertical wall per foot of height is8 x 64 X 12-5 = 6,400 lb. only. 
It is assumed that the ground water may rise to a point 8 ft. below the working 
water level in the tank. 
Weight of tank above G.W.L. = 100,000 Ib. 
Weight of tank below G.W.L. = 208,000 Ib. 
308,000 lb. 
Weight of contents = 478,000 lb. 
786,000 lb. 


This is a load of 351 tons on a foundation 1o ft. in diameter or 4} tons per sq. ft. 
The submerged volume is 4,900 cu. ft. In fresh water the uplift is 306,000 lb., 
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If the assumed ground-water level already includes a factor of safety then the 
completed tank is safe but the incomplete lower part has a net uplift of (306,000 
— 208,000) or 98,000 Ib. and relief tubes must be left in the lower part of the cone 
in case the pumps break down before the upper part is complete. If the thickness 
of the upper wall is increased from 8 in. to 12 in., this would add 33,000 lb; If the 
thickness of the sloping wall is also increased from 8 in. to 12 in. this would add 
a further 46,000 lb. but would increase the flotation by 19,000 |b., giving a total 
weight of 387,000 Ib. against a flotation of 325,000 |b., or a factor of safety of 1-2. 

The stresses on Section A-A in Fig. 21.9 must be checked. The tank above 


Highest 


ground water 
_ level 


Nal heh Oe 


Very soft ground 


Hard ground 


Fig. 21.9. 


this section weighs 301,000 lb. and the contents standing on this part of the tank 
weigh 397,000 lb. 

(Total thrust) cos 30 deg. = 201,000 + 397,000. ‘Total thrust = 690,000 lb. 
The section is a ring 8 in. in thickness and about ro ft. in diameter, or about 3,000 
sq. in. in area, giving a stress of 230 lb. per sq. in. Of the total flotation of 306,000 lb., 
some 165,000 lb. comes on the underside of the foundation and 141,000 lb. on the 
sloping wall, so there is still a downward load of (201,000 — 141,000) Ib. on Section 
A-A when the tank is empty and the ground water is at its highest level. 

These tanks carry a small trough round the outside. This is made the same 
depth all the way round and any falls that may be required are made later in mass 
concrete. These troughs are easily carried as shown in Fig. 21.10. The moment 
due to the eccentricity of loading is balanced by a tension ring of extra steel and 
a ring of additional compression in the wall at some arbitrary distance, say 2 ft. to 
3 ft. below. The thickening shown at the junction of the sloping and vertical walls 
in Fig. 21.11 is to give more grip length to the bars on the inside face and to form 
a tension ring to resist the horizontal component of the inclined thrust. Owing 
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to the change in direction there is an unbalanced outward load of 762 lb. per foot, 
producing a ring tension of 9,530 Ib. and needing an extra 0-795 sq. in. of hoop steel 


i Ib. 
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ring tension 
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ring 
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Fig. 21.10. Fig. 21.11. 


Construction in Soft Wet Ground 


If it is possible to lower the ground-water level easily by pumping in an inde- 
pendent sump or large borehole, the tank may be constructed as shown in the 
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Fig. 21.12. 


left-hand side of Fig. 21.12, provided that the dry ground is sufficiently strong to 
carry the mass concrete walls. The upper lifts can be built in trenches supported 
by timber runners (or trench sheeting), the dumpling being removed later. The 
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inside faces of these walls are rough-shuttered and the actual tank walls are cast 
against them. In the figure they are shown shuttered on the slope but they could 
be built in vertical lifts of about 3 ft. On the right-hand side of Fig. 21.12 a tank 
in very soft waterlogged ground needing steel sheet-piling is shown. 

If many similar tanks are required the inside formwork may be simplied by 
supplying a structural steel framework to resist the pressures due to placing the 
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Fig. 21.14. 


concrete and to ensure the correctness of the main setting-out lines. The formwork 
for a single isolated tank may be brought up hand-over-hand using screw sockets 
(see the ‘ Design and Construction of Formwork’ by Wynn and Manning). 
Details of a set of six settlement tanks constructed at Luton are reproduced in 
Figs. 21.13 and 21.14. The upper portion of each tank is reinforced, but the 
pyramidal bottoms are of plain concrete bearing on chalk. Precast concrete blocks 
were used to form the top portions of the internal pyramid walls at their intersections. 
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Imhoff Tanks 


In comparison with the volume of concrete to be placed during its construc- 
tion, the Imhoff tank is a very costly structure due to the difficulty of placing the 
concrete and removing the formwork of the baffle walls. Owing to the angle of 
the walls with the horizontal being great, double formwork is indispensable and this 
must be supported from the bottom of the tank. A fairly wet concrete must be 
used to penetrate between the reinforcing bars, and this class of concrete requires 
an upper form tied down to the bars. 

Recent developments in the construction of such tanks include the use of gunite 
instead of insitu concrete and the substitution of precast slabs for the cast-insitu 
work. The former permits the elimination of the top formwork and produces a 
slab with a high density, but the lower formwork cannot be dispensed with unless 
precast slabs are used. Provided that the slabs are of a size which can be econo- 
mically handled and set in position there would appear to be an ultimate saving 
in construction costs by precasting them. Time would be saved by casting the 
slabs while the formwork and concreting of the walls are being executed. 

Some years ago a system was tried in the United States in which the concrete 


fuss wired tostee! 


i 3 
Tepor | ~Bottom of chord set %”? bars, /2"centers 


; 
ER | eae seenters 
é (toa //f 
fe { 5x6" panels, 5 
i s// Ricodan concave TUS? rg Yo Support 
Gees eal Sore 4 BES raised in forms / 
tom een SH : . v 
reviously * —, yf : H <n 2 Ht D 
wired concrete steel rw: Pi Ne 
a supports J OS ['\ gf¥-.-Subgrade to \i rect Last 
oe about 6’ centers. Mrs a” fs neat lines +! Anes 
an 2 ge Support 
1 t= oer) Boer esi Ss A Surface roughened for bond pices 
22%g" Carts end steel nner “RS st he Posts removed 
strands Wo./0 wire, tre for truss with forms 


22"mat poured before steel? CO X/* 
@nd forms were placed -°"" £L-567 


Fig. 21.15. 


baffles were replaced by slate panels, 1 in. in thickness, supported by reinforced 
concrete beams, thus avoiding formwork for the sloping panels. Another improve- 
ment in the construction of these tanks which has been adopted is to precast the 
V-shaped deflector beams in inverted moulds. In this way the sharp angle at the 
apex remains uninjured if the beam is carefully handled. In some cases the beams 
have been concreted in the usual manner up to a level of within 6 in. of the top 
and this portion has been completed by a precast coping. 

A special method of constructing Imhoff tank forms is shown in Fig. 21.15. The 
side slopes are approximately 2 to 1 and required top shuttering. A 12-in. layer 
of concrete was first placed in the bottom and precast concrete blocks placed to 
support the reinforcement. After the latter had been fixed and wired together 
the timber trusses were set at intervals of 6 ft. 6 in. and panel forms placed between 
the trusses as concreting proceeded. By placing the panels on each side one at 
a time the ramming of the concrete was simplified. Care was taken to keep the 
concrete levels on both sides of the trough approximately the same. The concrete 
was delivered in carts on runways above the trusses and directed into place by 
small portable chutes. 
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SWIMMING POOLS 


Small Private Pools 


‘THERE are firms that specialize in the design, construction and equipment of small 
private swimming pools. The design may consist of a revival of the old technique 
of packing the ground (possibly mixed with a little cement) tight behind the wall 
and allowing the water pressure to pass through the wall on to the earth banking. 
In this particular market the additional expense of providing a wall that will carry 
all the water pressure with no assistance from the ground is scarcely justified. It 
is more a case of designing an earth bank that will remain stable in winter and 
summer than of designing a reinforced concrete wall. The actual wall may be of 
hollow concrete blocks with light steel rods passing through the holes, which are 
then filled solid, the inside face of the pool so formed being rendered. 

Needless to say, walls of very light construction cannot be guaranteed crack- 
proof, but with reasonable workmanship pools of this type should give years of 
service. 


Larger Swimming Pools 


This is no place to discuss the proper length, width or depth of a swimming, 
water-polo or diving pool or to join in the main argument between those who 
regard a pool as exclusively a venue for top-class competitive sport and those who 
regard it as a means for improving the health and safety of the nation by teaching 
them the elements of swimming and watermanship. 

Pools are seldom less than 2 ft. 6 in. deep. With lesser depths an adult’s hands 
touch the bottom on front crawl. Diving pools are usually 16 ft. (5 metres) deep. 
Within this range of depths the walls will normally be of cantilevered slab construc- 
tion (see Chapter 9). 

Some deep pools have underwater lighting. Access to these lights and to the 
scum-channel and bath-surround drains may be provided by small isolated man- 
holes, but a continuous gallery such as is shown in Fig. 22.1 is better. In this 
case the roof of this gallery could be used as a horizontal collar beam to support 
the top of the wall, but there is always the danger that someone, at some future date, 
may cut an opening in it for an additional access manhole and thus destroy its 
strength. 

For a shallow tank the walls may be built before the bottom. This will make it 
possible for the floor to be covered with wet sand and sprayed with water without 
interfering with the construction of the walls. It may also allow the construction 
of the floor to be postponed until the weather is more favourable. It is particularly 
advisable in the case of an indoor bath where the floor should, if possible, be left 
until the building is complete. A detail is shown in Fig. 22.2. The reader is referred 
to Chapter 16 for a general discussion on tank floors. 

A swimming pool may be (but seldom is) built on the upper floor of a building. 
The reader should then refer to Chapter 18. 
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The walkway around an outdoor pool may be monolithic with the walls and 
may be designed as a horizontal cantilever with steel near its upper surface if there 
is risk of its settling. A width of 3 ft. to 6 ft. is usual. 

In designing the walls, the conditions are (a) full water pressure from the 
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Fig. 22.2. 


inside and no back pressure from the earth, except when plain concrete is used 
and the concrete is placed directly against the excavation; and (6) active earth 
pressure from outside when the tank is empty. 

If the ground is wet and undrained, the procedure for tanks in waterlogged 
ground must be followed (see Chapter 20). In such cases the wall and floor may 
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be designed as a continuous channel section, or the floor may span longitudinally 
between transverse beams supported by the side walls. These beams are con- 
structed below the floor level and must be provided with sufficient vertical links to 
prevent the floor slab being pushed upward and away from the beams. The links 
should be of closed shape, encircling the top and bottom bars in the beams, and 
the bottom bars in the slab should pass underneath the top bars in the beams. 
Provision must also be made to prevent flotation. 

The scum channel may be in terrazzo-finished precast coloured concrete, but 
white glazed stoneware is preferable. Attempts to form a reasonably good scum 
channel insitu are unlikely to succeed. 

A sketch of a suitable detail of the intersection of the pipework with the wall is 
shown in Fig. 22.3. The extra flange may be cast on, welded on or may be a bolted- 
on puddle flange. 

In Fig. 22.4 details are shown of the reinforcement of the wall and floor of 
a swimming pool built at a school at Addington. The proportions used in mixing 
the concrete were approximately 1: 14:3, and no waterproofing compound was 
employed. 


Provide flexible Prsdznaiandeemtasboom 
joint on earth 
side of wall 


Fig. 22.3. 


A cross-section of a swimming pool built at Bishop’s Stortford is illustrated 
in Fig. 22.5. In this case, external water being present, an upward uniformly- 
distributed load averaging 200 lb. per sq. ft., was considered to be applied over 
the whole floor area of the empty pool. The transverse beams were carried up 
the walls in the form of vertical counterforts. 

A method of obtaining watertightness without using a rich mix throughout a 
plain concrete wall consists in placing a movable steel shutter, about 3 in. thick, 
inside the forms and about 1} in. or 2 in. from the inner face of the wall. A rich 
concrete is placed between this shutter and the inner form and the shutter is raised 
as concreting progresses to allow the two mixtures to bond together. The method 
is not applicable in ordinary reinforced concrete walls. For good results both 
concretes must be mixed to approximately the same consistency. 

Expansion joints are easily made in the walls and are advisable at intervals 
of 30 ft. to 50 ft. Their cost is so small that it is not worthwhile takirg the risk 
of cracks by omitting them. For more detailed information on expansion and 
construction joints, reference should be made to pages 100 and 174. 

Structural cracks, as distinct from those caused by expansion and contraction, 
are more likely to occur in plain concrete walls than in reinforced concrete. These 
are sometimes due to uneven settlement or movement of the ground. 

a 
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A suitable type of expansion joint for a plain concrete wall of a swimming pool 
is shown in Fig. 22.6. Assuming that the bay A is to be concreted first, a stop 
is built up between the forms and the expansion plate of 16-gauge copper, allowed 
to project equally on both sides of the stop. After bay A has hardened, the stop 
timbers are removed and the end of the wall painted with hot tar. Elastic filler, 
such as felt impregnated with bitumen, is then fixed against the tarred surface and 
painted with hot tar which is also applied to the projecting metal plate. The 
second bay B is then ready for concreting. This joint is an improvement on the 
method in which a gap is left between the bays A and B and afterwards filled with 
poured asphalt. When the joint is concreted in the ordinary manner it is usually 
found that the width is excessive. The expansion joint must pass through the 
coping, railings, pipes, scum channels, rendering, etc., and any facing concrete 
placed with a sliding shutter. 

Curing the concrete in the floor of a swimming pool is not always a simple 
problem, particularly if the deepest part of the pool is between the ends. The 
difficulty is more pronounced in modern designs because of the demand for a white 
or coloured cement finish to the floor which entails two-course work. ‘ Ponding’ 
is impossible as a rule, and the use of wet sand is an operation involving labour in 
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Fig. 22.6. 


shifting it from place to place besides the nuisance of having sand on the floor. 
When the deepest part of the pool is at one end and the surfacing is to follow the 
base concrete it is probably best to start at the lower end and use a spray or curing 
compound, allowing the men to work upwards towards the dry part of the excava- 
tion. Ifthe valley occurs between the ends of the pool, the procedure to be adopted 
will depend on the means available for freeing the valley from water. 

In good ground the reinforcement may be placed near the top of the slab as 
shown in Fig. 22.2 so as to diminish shrinkage cracks if the bath remains empty 
for long. 

The internal dimensions of the pool shown in Fig. 22.7 are 105 ft. long by 30 ft. 
wide. A platform g ft. wide surrounds the pool at the level of the top of the walls. 
At its outer edge there is a step 1 ft. 6 in. high leading to a second platform 3 ft. 
in width. Both platforms are of reinforced concrete and are 6 in. in thickness. 
The depth of the pool, measured from the top of the wall, is 4 ft. 6 in. at the shallow 
end, and the bottom is sloped at 1 in 30 for a length of 60 ft. In the next 20 ft. 
the depth increases to its maximum value of g ft. 6 in., which is retained over a 
length of 4 ft. 6 in. and then diminishes to 5 ft. at the end of the pool. The floor 
is 9 in. in thickness at the sides, its upper surfaces being sloped so as to give a fall 
of 3 in. from the sides to the longitudinal centre-line, and a slab thickness of 6 in. 
along this line. There are nine beams under the floor, dividing the floor into ten 
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bays. Each beam is 12 in. wide, but the depths of the beams below the slab range 
from 20 in. to 24 in. The main reinforcement in the floor slab is near its upper 
surface between the beams; the latter are also reinforced near their upper surfaces at 
midspan and are designed to span between the side walls. The reinforced concrete 
side walls are g in. thick and provided with g-in. by g-in. fillets where they intersect 
the floor. The principal reinforcement is in a vertical direction. Horizontal bars, 
3 in. in diameter and at 12-in. centres, were fixed inside the vertical steel near 
both faces of the wall. The inlet and outlet pipes are 8 in. and 15 in. diameter 
respectively, and there is a manhole, 5 ft. square by 6 ft. 6 in. deep, monolithic 
with the side wall at the deepest part of the pool. The concrete proportions were 
1 part of rapid-hardening Portland cement to 14 parts of sand and 3 parts of crushed 
stone, and the inside and floor were rendered with white Portland cement. 

An open-air pool (Figs. 22.9 and 22.10) constructed for the Hornsey Borough 
Council is 165 ft. long by 75 ft. wide, and the depth of water ranges from 3 ft. at 
each end to an average of 7 ft. 3 in. along the line parallel to the shorter side of 
the pool and passing through its centre (see Section K-L, Fig. 22.9). A total of 
150 single dressing-boxes is provided and five family boxes. The walls of the 
pool are of concrete 10 in. in thickness and reinforced as shown to resist earth pres- 
sure when the pool is empty and water pressure when it is filled. The footing 
slab varies from 5 ft. 4 in. to 4 ft. in width, and from 14 in. to 12 in. in thickness. 
Clinker has been back-filled against the walls to facilitate drainage. The subsoil 
drainage of the site of the pool is by means of seven rows of 4-in. tile drains leading 
to a g-in. perforated subsoil main. The floor of the pool (Fig. 22.8) consists of 
8 in. of concrete laid on 3 in. of clinker and reinforced with mats of double-mesh 
reinforcement. 


Alternative Construction 


For a shallow pool in waterlogged ground the walls may be of light steel sheet- 
piling faced with 44 in. of glazed brick in lime mortar. The floor may be in mass 
concrete, sufficiently thick to resist flotation, and faced with tiles or given several 
coats of white cement wash. 


Teaching Pools 

While ‘ Olympic size’ swimming and diving pools figure prominently on tele- 
vision and in the press, there is a much more real need for indoor teaching pools 
built exclusively for this purpose. 

An excellent example is the pool constructed recently at Woollahra, Sydney, 
Australia. This is about 75 ft. by 40 ft. in plan and has a uniform depth of 3 ft. 
The floor surrounding the pool is 3 ft below water level also, so that the instructors 
are on a level with their pupils. 


CHAPTER TWENTY-THREE 


RESERVOIR ROOFS 


Slab-and-Beam Roofs 


Some early reservoir roofs were exact replicas of the slab-and-beam floors and 
roofs that were commonly used in buildings. They were often designed using per- 
missible stresses of 600 and 16,000 lb. per sq. in. for the concrete and steel, respec- 
tively. The tensile stresses in the concrete were not calculated and were ignored. 
The slabs and beams were designed for moments of +,/,wZ? in the internal spans 
and +,},wZ® in the external spans. If properly detailed and built these roofs 
were sound structurally but some had small nominal concrete covers (such as } in. 
for slab bars and 1 in. for main bars in beams) and few designs or specifications 
called for positive means for keeping the bars in place. Often there were patches 
where the only protection was two coats of cement wash (which was the usual 
surface finish and was applied as soon as the shuttering was removed). Some roofs 
had deep narrow beams overcrowded with steel and no proper means was provided 
to prevent this steel leaning against the sides or resting on the bottom of the beam 
boxes. To save overall height the beams were often allowed to dip below the 
water level. The fact that trouble developed far too frequently due to rusting of 
the steel came as no surprise to anyone who was closely connected with the contract- 
ing side of the industry. 

Roofs of this type are now rare. The reader may find detailed information 
regarding them elsewhere (see the author’s ‘ Reinforced Concrete Design ’). 

The one lesson to be learnt from these roofs is that reinforced concrete without 


proper bar spacers cannot be regarded as a permanent form of construction for 
exposed structures. 


Mesh-panel Roofs 


The author has in his possession more than a dozen sets of official bending- 
moment coefficients to be used in the design of mesh-panel slabs. The most severe 
of these documents gives coefficients which are twice as large as the least severe. 

Detailed mathematical analysis of the stresses in a non-elastic, non-homogeneous, 
non-symmetrical reinforced concrete mesh panel is so complicated that it has never 
been attempted. Readers interested in the analysis of elastic plates are referred 
to the ‘ Theory of Plates and Shells’ by Timoshenko. All readers are advised to 
study the work of Prof. H. M. Westergaard* and to pay particular attention to 
his dictum ‘. . . it would be out of the question to rely on the results of theoretical 
analysis only *. 

Happily the reinforced concrete industry had established a standard practice for 
dealing with this problem before the first of the Codes of Practice appeared, and 
the behaviour of mesh panels designed to this standard in service and under test 
load leaves no doubt as to its soundness and sufficiency. Details may be found 
in the author’s ‘ Reinforced Concrete Design’. Panels where the ratio of length 


* Journal of the American Concrete Institute. Vol. 17, 1921. Vol. 22, 1926. Vol. 30, 1934. 
and Vol. 35, 1939. 
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to breadth exceeds 1-0: 1-1 are best avoided, as the question becomes much more 
difficult both in regard to the panel itself and to the difference in stiffness between 
the two sets of supporting beams. There are many sets of values giving ‘ moment in 
short span’ and ‘moment in long span’. Such a table appears in CP.1 14.:1957 
in which coefficients are given for ‘ positive moment at midspan’. All tables of this 
type are open to the criticism that they are a retrogression towards the early mis- 
conceptions of Grashof and Rankine, that they do not indicate that the maximum 
positive moments may occur across the diagonals and that no provision is made 
for the reinforcement to be positioned to resist these moments. This criticism is 
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Fig. 23.1. 
more serious in watertight work and is most serious when a panel has positive 
moments imposed on its edges instead of the normal reversed moments. 

There is one set of conditions that arises in tank work that does not normally 
arise in the design of floors and roofs in buildings. In Fig. 23.1 a square isolated 
panel ABCD carrying a uniform load w per sq. ft. is shown. The panel is sup- 
ported by four beams AB, BD, DC and CA of similar stiffness. The average unit 
moment on diagonals AD and BC is ,\;wL? or 3; W, where W = wL?. If, instead 
of an isolated panel, an internal panel surrounded by similar panels is considered, 
then (average reversed moment on AB, BD, DC and CA) + (average positive 
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Fig. 23.2. 
moment on diagonals AD and BC) = ;/;W. Returning to the isolated square 
panel shown in Fig. 23.1 and applying a uniform positive moment Mz along the 
periphery of the panel, then the average positive moment on the diagonals is 
3siW + Mz. 

The importance of providing stiff supporting beams may be realized by re- 
ferring to Fig. 23.1. If the stiffness of the four beams AB, BD, DC and CA is 
gradually reduced until finally they have no stiffness, the panel is then supported 
on the four points A, B, C and D and the average moment at midspan in both direc- 
tions is }W. The condition reached is, in fact, that of an elementary flat-slab where 
the sum of the positive and negative moments in strips A and B is 3WL. 

A preliminary design for a mesh-panel roof with the columns spaced at 18-ft. 
centres in both directions is shown in Fig. 23.2. 
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Loading on slab (per sq. ft.): 


Earth: 120 |b. 
Imposed load: 10 
Asphalt: 12 


Self-weight: 96 
238 Ib. per sq. ft. 
W = 29328 « 187% 777,200! 
77,200 X 12 
mer 
Negative M = 3,W + 20 per cent. = 30,900 |b.-in. 


Formerly this ould have been carried with a resistance-moment value of 95bd,’, 


Positive M = ,;W = = 25,800 Ib.-in. 


giving d= [329° _ 5.9 in, 
Sy se 
With a resistance-moment value of 60bd?, a ee eee ae = 6°55 an. 
60 X 12 


If a thickness of concrete cover of 14 in. is necessary, an 8-in. slab with an average 
d, of 6 in. is indicated. 
25,800 


12,000 X 0-865 Xx 6 


Ay at midspan = = 0-415 Sq. ie 


say }-in. diam. bars at 54-in. centres, giving 0°43 sq. in. (see Fig. 23.3). 


Yo" at 5/2" centres both ways 
diternate bent and straight 


Fig. 23.3. 

If one-half of the slab bars are bent up into the top of the slab over the supports, 
the area available to resist the reversed moment of 30,900 lb.-in. will also be 0:43 
sq. in., giving a calculated stress of 13,800 lb. per sq. in. This is not exactly in 
accordance with the requirements of CP.2007:1960, since the slab is less than 9g in. 
in thickness, but this stress is quite safe, particularly if the roof is covered with asphalt. 
The slab has been designed to have 1} in. of concrete cover. This is excessive for 
3-in. diam. bars in an 8-in. slab and the design would be improved if the cover 
were reduced to 1+ in. 

If a support section as shown in the detail in Fig. 23.4 is used a beam about 
12 in. wide is required. 


Total load on beam = 4 X 77,200 = 38,600 lb. 
+ 12 in. X 16 in. X 1840 ==5 soa 


42,060 |b. 
Positive moment = 42,060 x 18 x 12 = 757,000 |b.-in. 
If A,, provided is four 14-in. diam me = 40 sq. in., 
lever-arm required = eee 5°8 in. 
12,000 X 4 


Then d, must be 18-25 in.; say beam 24 in. overall depth. 
Shear = 21,030 lb. Lever-arm area = 15:8 X 12 = 190 sq. in. 
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Shear stress = 21293° — yyy Ib. per sq. in. only. 


Shear resistance provided by reinforcement: 
Two 14-in. diam. bars at 30 deg. = 12,000 lb. 


-in. diam. stirrups at 5-in. centres 


__ 2 X OII X 12,000 X 0-865 X 21°25 


iF a) 9,700 (a 
21,700 lb. 
7a" Links 
spaced as 
shown 


Fig. 23.4. 


The column size could be 12 in. by 12 in., as shown in Fig. 23.4, but the joint would 
be sounder with a 14-in. by 14-in. column as shown in Fig. 23.2. 

Generally speaking any roof that can be divided into a number of square panels 
suitable for mesh-panel construction would also be suitable for flat-slab work and 
modern practice would tend to adopt the latter form of construction. 


Sunk-panel Flat-slab Roofs 


If the requirements of CP.2007:1960 must be observed the calculated tensile 
stress in the concrete on the underside of the roof must be restricted to about 270 lb. 
per sq. in. In flat-slab work a high concentration of moment occurs over the 
column. This can easily be dealt with as stresses of 1,2c0 and 18,000 lb. per sq. in. 
may be employed. The critical section, if the demands of this Code must be met, 
is the midspan section of Strip A where the value of the resistance-moment factor 
must be kept to about 52bd?._ With a standard flat-slab this necessitates the thicken- 
ing of the whole slab to provide the necessary resistance at this section. With a 
sunk-panel design this section is already thickened. 

In normal flat-slab buildings it is always possible to rely on the columns to stiffen 
and strengthen the floor against unsymmetrical loading. In reservoir work the 
columns carry comparatively little load and are usually about twice as high as a 
normal floor height in a building. In order to use them structurally in conjunction 
with the floor, it is generally necessary to increase their diameter beyond that 
needed to carry the direct load. 

There are two main alternatives. Firstly, the columns may be made the mini- 
mum diameter necessary to carry the direct load, and the roof designed for moments 
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of —3,;WL, +3,;WL and +,;WL. Alternatively, the columns may be stiffened 
and the roof designed for moments of —,;WL, +3;WL and +7',WL. In this 
second alternative the diameter of the column must be neither less than twice the 
thickness of Strip A at midspan nor less than one-tenth of the clear height under 
the cap, and in addition the column must be sufficiently strong to carry a moment 
of ;;W LL, where W,, is the total imposed load on the panel. This last stipulation 
raises the question as to what should be termed the imposed load on the roof. Most 
roofs support a foot or so of soil spread over them. Once this is in place over the 
whole roof it becomes a uniform dead load but while it is being placed or removed 
(unless it is placed and removed in thin layers) it is an imposed load within the 
meaning of W_. 

Assuming that the calculated tensile stress on the concrete must not exceed 
about 270 lb. per sq. in., approximate thicknesses for the roof may be found from 
the following: 


(a) With Flexible Columns: Strip A: z 


Strip B: 


(6) With Stiff Columns: Strip A: —— in. 


Strip B: pr in. 


where L is the panel length in inches and w is the total load per sq. ft. 

To illustrate the two alternatives, consider a roof panel 18 ft. by 18 ft. carrying 
one foot of earth over a reservoir 20 ft. deep (see Fig. 23.5). 

Load per sq. ft.: 


Earth, say: 120 lb. 

Imposed load: 1o lb. 
Asphalt: 12 |b. 

Estimated self-weight: 150 lb. 


say 300 lb. 


Total panel load W = 18 x 18 X 300 = 97,200 lb. 
(18 X 12)V 300 
290 

Strip B: bea is 12) V 300 
47° 
A 12-in. diameter column will suffice to carry the load of 97,200 Ib. (43°4 tons.) 


(a) With Flexible Columns: Strip A: 


= 12°9; say 13 in. thick. 


= 7:96; say 8 in. thick. 


(6) With Stiff Columns: Strip A: (252) ae. 1-2; say 11% in. thick. 


335 
, 18 X 12)V 
Shape x 30° = 7-26; say 7} in. thick. 


The clear height of the column will be about 18 ft. so the diameter is fixed at twice 
the depth of Strip A or 2 x 11°5 = 29 in. 
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The preliminary designs for the two cases (a) and (6) are shown in Fig. 23.5. 
While the earth covering is being placed or removed the imposed load is 
(120 + 10) lb. per. sq. ft. 


I'-O"earth 6'-O" 
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'-O" diam. 


Fig. 23.5. 


W iL _ (120 + 10) X 18 X 18 X 18 X 12 
32 32 
The condition of loading is shown in Fig. 23.6. 


= 285,000 lb.-in. 


Load on column = 76,100 lb. Eccentricity e = — ey ari 
Ew old 
ee OG 
D a 0'163 


With one per cent. of reinforcement the maximum compression (from tables) is 
only 380 lb. per sq. in. The midspan sections of Strip A are shown in Fig. 23.7. 
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WL _ 97,200 X 18 X 12 


With flexible columns, M = = 700,000 Ib.-in. 


3° 30 
as AE co i 
With stiff columns, M = “3 = 525,000 lb.-in. 
Ayn = — Bile 512 sq. in. 


12,000 X 0°9 X 9°5 
The section modulus of this latter section, taking the full concrete section and the 
steel into account, is 2,070 in.® fer tension.at bottom. 


25,000 : 
Calculated tensile stress on concrete = mo = 254 lb. per sq. in. 


3 


The self-weight of the roof has been estimated as 150 lb. per sq. ft. whereas it is 
only 135 lb. for the heavy roof and 122 lb. for the lighter one. Against this, it is 
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Fig. 23.7. 


difficult to estimate the maximum weight the roof may have to carry when the 
earth is covered with long grass and saturated with rain. 

It may be held that both designs in Fig. 23.5 are unduly pessimistic and that 
the thinner roof may be used in conjunction with the lighter columns. If this is 
done the worst that can happen is that, for the few days while the earth covering 
is being placed (or removed), the calculated stress in the steel at the bottom of 
Strip A may rise from 12,000 to 16,000 lb. per sq. in. (no practical designer would 
worry about this point), and that the calculated stress in the steel over the column 
may rise from 18,000 to 22,900 Ib. per sq. in. or from 16,000 to 20,400 Ib. per sq. in. 
(generally speaking the author is not in favour of a working stress of 18,000 Ib. 
per sq. in. with plain mild steel bars used in watertight work). 

The method of placing the earth on the roof must be clearly specified and shown 
on the drawings. The contractor must not be allowed to dump heaps of earth 
5 ft. or 6 ft. high before spreading. 

For average work in Great Britain the author would suggest using the lighter roof 
with 15-in. diam. columns, each reinforced with eight 3-in. diam. bars. In some 


RESERVOIR ROOFS 2 a ' 265 


under-developed countries both the heavy roof and heavy column should be used. 
The reader must carefully study the site conditions before making a final decision. In 
office buildings generally, the closer the spacing of the columns the cheaper the 
building, but a very close column spacing looks ugly and greatly detracts from 
the efficient functioning of the building. In a reservoir neither of these considera- 
tions, apply, although the columns are generally twice as high as an average floor 
height and are therefore relatively more expensive, and the provision of too many 
columns reduces the effective capacity of the reservoir. Spans of about 15 ft. by 
15 ft. are common. 

If the edge of the roof is supported on, but not structurally attached to, the top 
of the wall, the external panels should be 0-75 times the internal panel length. If 
the edge of the roof cantilevers beyond the last line of column this cantilever should 
be about 0-4 times the panel length. 

The quantities per panel for alternatives (a) and (b) as drawn in Fig. 23.5, includ- 
ing the column are: 

(a) 12-2 cu. yd. of concrete and 20°3 cwt. of steel bars. 

(b) 12°1 cu. yd. of concrete and 20-0 cwt. of steel bars. 

The cost of shuttering plus scaffolding for the two schemes will be almost the same. 
If the designer is prepared to accept the lighter roof in scheme (b) with 15-in. diam. 
columns, the quantities are 11 cu. yd. and 19 cwt. The column and column cap 
in Fig. 23.5a displace 153 gallons, while those shown in Fig. 23.55 displace 392 
gallons. Using a 15-in. diam. column the loss of capacity is 236 gallons per column. 
The gross volume of a reservoir panel 18 ft. by 18 ft. by 20 ft. deep is 40,500 gallons. 


Elementary Flat-slab Roofs 


In Fig. 23.8 a preliminary design is shown for an interior panel of roof designed 
as an elementary flat-slab without capitals and drop panels and with no stiffness 
in the columns. Theruling moment is the positive moment in Strip A (tension on 


xp . !'-O" Earth 


2" Slab 
18'—O" x 18'-0" 


Fig. 23.8. 


water face) of {,;WL, giving a unit momentof ~,;WL. With aresistance-moment 


value of 60bd?, d= ves : Ree If w= 350 lb. per sq. ft. and 
12 60 720 


Sie dam, [350 5" = 10°45 in. 
; 720 


In Fig. 23.9 values are given of the imposed load per sq. ft. that can be carried 
by various thicknesses of slab over a given span. If the imposed load is 142 lb. 
per sq. ft. and if the columns are spaced at 18-ft. centres in both directions, then 
from Fig. 23.9 the slab thickness required is about 11:5 in.; say 12 in. in practice. 
Checking this: 

w = 142 + 150 = 292 |b. per sq. ft. W = 292 X 18% = 94,600 Ib. 
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Width of Strip A and Strip B = 9g ft. = 108 in. 

Moments in Strip A: 

WL __ 94,600 x 18 2 
18 18 

WL 

24. 

Moments in Strip B: 


12 = —1,135,000 lb.-in. 


ee = + 850,000 lb.-in. 


2 ; = -+ 340,000 lb.-in. 
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Fig. 23.9. 


lb. per sq. ft. 


Superload 


With resistance-moment value of 60bd?, d= a B5 0/0005 5, 11°45 in. 
60 X 108 
With resistance-moment value of 250bd,?, d, = <i ae — 6:47 in. 
A, for Strip A = ee Xen ae = 7°48 sq. in. (over column). 
850,000 : : 
: = 8-4 sq. in. (at mid ; 
and 72,000 Bua ee 4 sq. in. (at midspan) 
Ay for Strip B = ee = 3°36 sq. in. 
ie 12,000 X 0:865 X 9°75 12) a 
03 per cent. of 108 in. by r2 in. = 3°88 sq. in. 


The steel arrangement is shown in Fig. 23.10. Each column-head band consists of 
g straight bars marked (1) and ro bent-up bars marked (2). Each mid-panel band 
consists of 7 straight bars marked (3) and 6 bent-up bars marked (4). Two column- 
head bands plus two mid-panel bands plus four 3-in. diameter distributors ro ft. 
long complete the reinforcement in one interior panel. 

The total load on the column, including its self-weight will be about 100,000 lb. 
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and a 12-in. by 12-in. section will carry this. The punching shear strength at the 
head of the column at 200 lb. per sq. in. is 200 X 4 X 12 X 12 = 115,000 lb. 
Drawing lines at 45 deg. as in Fig. 23.11, the lever arm is 0-865 X 9°75 = 8-45 in. 
Beam shear at roo Ib. per sq. in. is 4 X 36 X 8-45 X 100 = 121,500 lb. 


(2)% " b L=29'-0" 


\ 
C)%"9 L=2|'-6" Ya" L=2|’-O” © 
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Fig. 23.10. 
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Fig. 23.11. 


The shearing strength is obviously the weakest part of the design and the size of 
the column should be increased to 14 in. by 14 in. 


Edge Details 


For a small reservoir, on a site where the air temperature has a limited range 
(as on some tropical islands) or when the reservoir is exceptionally well insulated 
the edge of the roof may be connected structurally to the top of the wall. 

If the designer has no objection to sliding joints, the edge of the roof may rest on 
the top of the wall with a sliding joint between and slide in and out as the air tem- 
perature falls or rises, the joint being bituminous material, stainless steel, synthetic 
fabric, multi-layer rubber, etc. 

A much sounder arrangement is to cantilever the edge of the roof out over the 
edge of the wall. This is generally simple with a square or rectangular reservoir, 
but with a circular reservoir the edge distances vary continuously and several 
different column spacings may have to be tried before the outer bays fall into a 
convenient pattern. 

If the wall is fairly thick, the top of it may be cantilevered inward as shown in 
Fig. 23.12, thus reducing the overall diameter of the roof. If this cannot be done, 
then the edge of the roof must overlap the top of the wall as shown in Fig. 23.13. 

A preliminary design for the roof of a tank 150 ft. in diameter is shown in 
Figs. 23.13 and 23.14. The roof carries an imposed load of 140 lb. per sq. ft. and 
is divided into panels 15 ft. by 15 ft. in size. From Fig. 23.9 a g-in. slab is required 

5 
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for an elementary flat-slab design. The slab is thickened out to 12 in. to form a 
circular beam 36 in. wide, as shown in Figs. 23.13 and 23.14. This beam picks 
up a strip of roof about g ft. wide. 
Load = 9 X (140 + 112) = 2,270 lb. per ft. 
+93 in. X 96 1n. =9 EI2) ae 
= 9,382 Ib. per ft. 


3'/-O" 


Column 


ee |p 
| 150'—O" diam. 
Fig. 23.12. Fig. 23.13. 
The maximum span is about 16 ft. 
Positive moment, say 2,382 306,000 l|b.-in. M scene 
24 bd* 96 x 122 
Reversed moment, say 612,000 I|b.-in. M ne = 109, 


bd? . 36 x 9°5? 


306,000 : 
Bottom steel = — Se ale tes 
12,000 X 0°865 X 9°5 
Top steel = Grapes = 4°15 sq. in. 


~ 18,000 X 0°865 X 915 
The design is workable as drawn but would be improved if the depth of the beam 
were increased from 12 in. to 14 in. 


I5'-O" ' 15'-O" ) 5'-O"  15'-O"" 15!—OH 
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A circular reservoir can always be neatly roofed in with an aluminium dome (see 


Fig. 27.34). 


Expansion Joints in Roofs 


When the roof is independent of the wall and is supported on high slender 
columns, joints will not normally be required for any roof less than 200 ft. wide, 
particularly if the roof is heavily loaded, as this keeps down the tensile stress in the 
columns. 

With a reservoir of width 2R supported on circular columns of height H and 
diameter d, if the heads of the outermost columns are pushed over a distance x by 
expansion due to temperature the primary moment in these columns caused by 
the movement is 6EKx/H or 6EIx/H?. 

If the column carries a direct load which causes a stress of +500 lb. per sq. in. 
and a moment which gives rise to a stress of +800 lb. per sq. in. the stress ranges 
from -{-1,300 to —300 lb. per sq. in. 


6EI. iT 
- also. Since Z = 22 Ge sea 


ie d> dH 

ii /a4— 15 (a limit that is usually accepted), # = 3 x 1o® lb. per sq. in., 
and x = 30 X 6 X 10-* x R (that is a rise of 30 deg. F.), then R = 7:42H, and 
i? =o fi., then R = 148 ft. 


M = 800Z = 


The reservoir could be 296 ft. diam. or 296 ft. on the diagonal, say 200 ft. square. 
This result is not appreciably affected by the amount of steel in the column, since 
this increases both the moment and the section modulus by the same amount. 

If the edge of the roof is structurally attached to the top of the wall, then any 
expansion joints in the wall must be continued across the roof. 


Small Circular Roofs 


In a small circular tank the roof may span from wall to wall without inter- 
mediate supports. It may then be designed as a mesh panel. The calculation of 
the moments in a uniform circular plate under symmetrical loading is a standard 
theorem. Unfortunately, roofs of this type are invariably provided with an access 
manhole which must greatly modify these standard values. 

To calculate these standard values it is necessary to take into account the value 
of Poisson’s ratio 7. The value of this for reinforced concrete is sometimes assumed 
to be 0:25, but the average of experimental results is about 0°15. In CP.114:1957 
a value of 7 of o is recommended for the analysis of reinforced concrete slabs 
spanning in two directions. 

The principal values of the radial moment M, and tangential moment M, on 
circular slabs loaded uniformly over the whole of their area and supported at the 
circumference are: 


SLAB FREELY-SUPPORTED AT THE CIRCUMFERENCE: 


The maximum values, at the centre of the slab, are M, = M, = + 3a W. 
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SLAB FIXED AT THE CIRCUMFERENCE: 
At the centre of the slab: 


M 2a ee 
167 
At the circumference: 
W WwW 
Me = sand Me 
‘i 8x * : 82 1 


For a reinforced concrete slab provided with a manhole not exceeding 24 in. 
by 18 in. a ruling moment of ~,wD? may be used, where w is the load per sq. ft., 
D is the diameter in feet and the moment is in lb.-ft. per foot width of slab. 

If the tank is 20 ft. in diameter and the roof carries an imposed load of 50 lb. 
per sq. ft. the value of w (assuming a 7-in. slab) is (50 + 87) = 137 lb. per sq. ft. 

vo wD* 2187 X% 20° X 12 
18 18 
For a resistance-moment value of 60bd?, the minimum d is 7-12 in. 

If the imposed load is unlikely to occur (and an imposed load of 50 lb. per sq. ft. 
on a circle 20 ft. in diameter gives a total of 15,700 lb. or 7 tons), a 7-in. slab is 
ample. 


lb.-in. = 36,500 lb.-in. per foot width. 


CHAPTER TWENTY-FOUR 


MINING SUBSIDENCE 


A very difficult problem has to be faced when a tank is to be built on ground 
which is subject to subsidence due to mining operations, a fairly common state of 
affairs at iron works and collieries. 

It is usual to find that records have to be kept showing the settlement per annum 
and, if this is so, they are of great assistance in preparing the design. Where much 
settlement is expected in the future, a tank of large area without internal walls 
or a plain concrete structure is generally out of the question. The choice is then 
between providing a number of small tanks, a narrow tank with many cross-walls, 
or a series of cells which may be connected by a system of valves. No definite 
rules can be laid down, since each case presents difficulties of its own, but the general 
principles are to arrange the reinforcement in the walls in such a manner that the 
loads of each compartment can be carried by its walls acting either as simple beams 
supported at their ends or as cantilevers supported near the middle of the wall. 
The best procedure is to draw a plan showing the cells and to try to visualize what 
will happen if the ground settles below the walls at their ends or centres, or if it 
settles below the floor slabs. ‘The whole problem is exceedingly difficult and a safe 


Fig. 24.1. 


design is very expensive, though less costly in the long run than one which fails. 
The latter can seldom be patched up, since settlement is generally progressive once 
it begins. Careful attention is required to ensure that the loads transmitted to the 
ground under any of the assumed settlement conditions are not excessive at points 
which do not subside. 

In the simplest case, where the diameter of the tanks does not exceed 50 ft., 
it is possible to dispense with the internal partition walls by designing the substruc- 
ture with two rows of ribs at right-angles forming a cellular structure (Fig. 24.1). 
Before settlement occurs the soil resistance is equal to the weight of the structure, 
including that of the water, divided by the area of the base AB, and if the latter 
is reinforced in two directions the upward reaction at one rib is obtained by multi- 
plying the spacing of the ribs by one-half of the unit soil pressure. This is to be 
combined with the local downward load to obtain the resultant load. In addition, 
portions of each rib act as cantilevers, each loaded with a portion of the weight 
of the wall and the weight of water and concrete directly above it. 

Settlement may result in soil pressures and downward loading of the types 
shown in Fig. 24.2, but an unsymmetrical arrangement is also possible in which 
the earth sinks away from below the slab AB along a line cutting a triangular area 
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from the square base. The effects of unsymmetrical settlement are somewhat 
difficult to estimate; in practice it has been found that an assumption of settlement 
of the ground over an area of not less than one-third that of the base AB is sufficient 


in most cases. 
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Fig. 24.2. 


Extracts from a report on subsidence due to mining as it affects reservoirs is 
given at the end of this chapter (page 275). 
Examp_es.—A service reservoir was constructed at Essen in two parts (Fig. 24.3) 


Fig. 24.3. 
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to replace a plain concrete reservoir which had been so badly damaged by sub- 
sidence due to mining that about one-half of the stored water escaped in 24 hours. 
No method of stopping the leaks proved successful. Calculations showed that a 
total settlement of 60 in. and a horizontal movement of 10 in. were to be expected 
as the workings progressed, and the diagram of settlement confirmed these figures 
for the three years after the completion of the structure. As it is undesirable to 
work to high stresses in designing a reservoir which is likely to settle, the dimensions 
of the various parts are unusually large. The arrangement of cross walls—acting 
as beams—and their extended footings are shown in plan and section (Fig. 24.4) 


Fig. 24.4. 


On this figure the assumed mode of support of the reservoir is shown for two cases, 
(1) bending in the plane of a centre-line of the reservoir, and (2) bending in the 
diagonal plane. Details of the arrangement of reinforcement in the walls are given 
in Fig. 24.5, which also shows the openings connecting adjacent cells. At midspan 
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in the heavy walls there are twenty-eight 45-mm. (1-78-in.) bars in the top flanges, 
and the bending moment under the heaviest loading is 28,700,000 ft.-lb. Both 
floor and roof are designed as mesh-reinforced slabs. 

The Redhill service reservoir (Fig. 24.6) of the Corporation of Nottingham has 
a capacity of 4,000,000 gallons and is designed to conform to ground movements 
and to reduce the stresses due to severe mining subsidence. This is necessary 
because of the existence of unworked seams of coal below the site. The average 
depth below the surface and the thickness of the four seams are: (1) 335 yd. deep, 
4 ft. 4 in. thick; (2) 445 yd. deep, 3 ft. 3 in. thick; (3) 460 yd. deep, 2 ft. 5 in. thick; 
(4) 537 yd. deep, 3 ft. 6 in. thick. From the point at which mining operations were 
expected first to cause movement under the reservoir, the length of the coal-face 
was to be extended to the limits of the area of disturbance on each side of the 
reservoir, and mining continued below and beyond the reservoir to the point at 
which disturbance ceased. The rate of cutting in the area was to be about 40 yd. 
per month. From observations it was expected that the vertical settlement of the 
ground at the surface would be about 3 ft., that there would be considerable lateral 
pull, and that the mean gradient of differential settlement would be about 1 in 180. 

The surface movements were such that a structure initially bearing continuously 


Fig. 24.6. 


on the ground might be subjected alternately to sagging and hogging effects. There- 
fore, for a reservoir of known depth, the greatest size of an economical structural 
unit which could safely resist the resulting stresses could be determined. It might 
appear that storage of the required capacity could be provided by a number of 
smaller reservoirs, each of the economical size determined, and the pipes and valves 
arranged to permit operation either individually or together. Investigation in this 
case, however, showed that a single reservoir of the design described in the following 
was much less costly and could be accommodated on a smaller area than several 
smaller reservoirs, and there were also operational advantages. 

The depth of the reservoir is about 16 ft., and the mean depth of water 19 ft. 
The internal dimensions on plan are 230 ft. by 220 ft. For convenience of operation, 
the reservoir is divided by longitudinal and transverse walls into four equal com- 
partments. The reservoir is also divided into twenty-five independent structural 
units, each about 46 ft. by 44 ft. Each rectangular unit comprises part of the floor 
and roof, and is bound along its sides either by lattice girders or walls which are 
designed as deep beams to resist ground movements as well as water pressure, 
dead weight, and the load on the roof. The units are connected only at floor level, 
where hinges are provided about which each unit can rotate. There is a gap between 
adjacent units to permit freedom of movement between the walls and roof. All 
pipes within the reservoir have flexible joints capable of accommodating the greatest 
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expected movement. In Fig. 24.7 are shown details (C) of the free joint in the roof, 
a horizontal section (B-B) through a watertight joint in the wall, and details (A) of 
a hinged joint in the floor. The hinged joints in the floor provide an anchorage 
between the units to enable the structure as a whole to resist lateral pull. The 
gaps in the walls are 4 in. wide when constructed and are made watertight by 
cover-plates of sheet lead weighing 10 lb. per square foot. At each joint in the 
wall there is an external inspection chamber as shown on the sectional plan in 
Fig. 24.7. A ground drain is provided around the reservoir immediately outside the 
walls. ‘The gaps in the roof are covered with precast concrete slabs, bedded and 
jointed in a plastic composition. 

In view of the high bearing value of the ground at foundation level, a 10-in. 
bed of clay puddle was provided over the whole area of the excavation and covered 
with 4 in. of plain concrete to form a level slab upon which the structure is founded. 
The plastic bed of clay considerably reduces the stresses resulting from sagging and 
hogging movements, and limits the pull transmitted from the ground. It was 
assumed that the clay would not yield under a pressure of about 1 ton per square 
foot, but that when movement occurred it would be capable of offering effective 
resistance to pressures not exceeding 3 tons per sq. ft. Ifthe reservoir were founded 
directly upon the strong underlying ground, which would not yield under a pressure 
of less than 10 tons per sq. ft., the assumed supporting area would have had to be 
greatly reduced and the effective spans of the units greatly increased. In a modern 
tank a thick layer of compressible synthetic material could be substituted for puddle 
clay. 

The walls retaining water span from floor to roof and, in this respect, were 
assumed to be completely fixed at the base and freely supported at the top. They 
were also designed to act as deep beams of a length equal to that of the units. A 
hinged joint similar to that between the units is provided between the foundations 
of the walls and girders and the floor, thereby limiting the weight of water carried 
by the walls and girders. 

The floor is of laminated construction, formed of three thin slabs capable of 
following the changing contour of the ground without serious cracking. The slabs 
were concreted in panels, the construction joints in each of the layers being staggered. 
Open joints 3-in. wide in the top slab are filled with plastic composition. The 
hinges in the floor are formed by gaps g-in. wide between the foundations of the 
walls and girders and the lowest of the three layers of the floor slab. Bars of }-in. 
diameter cross the gaps horizontally and are embedded in the concrete on both 
sides at the level of the centre of the lowest layer. The gaps are filled with a plastic 
composition on which the two upper layers of the floor slab were placed. 

Within each unit there are four columns supporting the roof (Figs. 24.8 and 24.9). 
Each column is supported on a separate base, which is connected to the floor only 
by flexible joints of the same type as elsewhere. 

1.C.E. Report.—The comments in the following are abstracted from a ‘ Report 
on Mining Subsidence’ published by the Institution of Civil Engineers (1959). 

Most older reservoirs and storage tanks are constructed, according to the practice 
of the time, of mass concrete or brickwork with puddled clay under the floors and 
behind the walls. This form of construction has proved generally effective in 
counteracting the effects of movement but this may be due to the fact that most 
of the reservoirs and tanks are relatively small. This method of construction still 
has its advocates, but a monolithic structure of reinforced concrete with columns 
and with either a beam-and-slab or flat-slab roof is now more general. Expansion 
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and contraction joints are normally not provided and the roof and floor are con- 
tinuous with the walls. Small temperature cracks are sealed by ironing-in bitumen. 


—2 3-0" ——+12R- 


| oll 


020.09 COCO O ON 


Weer ao. 


(INSPECTION CHAMBER 


o - oan 7 

LS pal v ? Las as 
s ig. 10 ena eae pie 
a babes ryt) WALL | 

- ater Boo tee 
Bar ae eres a 


LEAD. 
CAULKING, 
1 LEAD SHEET 


__ sven 
RYO) ISS 


Ar 


SHEE|T LEAD 


OLAS TI 
FYLLING 


ae 


ore 
NINE 


a 
. 9", SOoMcRETE| BLINDING on 
PLASTIC. ye ‘ 
FILLING 2B BARS — PLASTIC 


FILLING 
CLAY PYODLE 


DETAIL ar Ax. 
Fig. 24.7. 


Copper or rubber seals are normally employed to ensure watertightness at the 
construction joints of the walls. Variations of this practice are: (a) to provide 
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freedom of movement between the walls, roof and floor; (6) to ensure in the design 


and construction that cracks due to subsidence will occur along pre-determined 
planes, 
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In general, reservoirs and tanks should be small, that is in units of from 250,000 
to 500,000 gallons capacity, the units being inter-connected, if necessary, by flexible- 
joint piping. For larger capacities, however, one reservoir with independent sub- 
divisions is often preferred. 

It is impossible, since it would prove uneconomical, to design for the stresses 
which are likely to arise from subsidence because these are indeterminate and, 
subject to the foregoing, it is unnecessary to depart from the requirements of the 
British Standard Code of Practice for reinforced and prestressed concrete structures 
containing liquids (CP.2007:1960. Appendix I). 

In the author’s opinion, this report is both self-contradictory and defeatist. 


Prestressed Concrete Tanks 


If and when it is possible to produce high strength steel with an elongation of 
more than 10 per cent., the use of prestressed concrete, utilizing the floor and roof 
of the reservoir as I-beam flanges, may be considered. 

In some existing post-tensioned prestressed structures the bars or cables are 
set in small individual ducts which are then pressure-grouted. The author has 
always regarded this practice as unsound in water-retaining structures. Details of 
the collapse of prestressed work may be found in ‘ Engineering News Record’ 
for May 4th 1961 and January 4th 1962. 


CHAPTER TWENTY-FIVE 


CIRCULAR TANKS UNDER LATERAL LOADING 


In this-country any lateral loading is usually wind load. 

When a large open-topped circular tank stands above ground level and is stand- 
ing empty the wind will tend to push in the top of the windward section of the wall. 
If the tank is comparatively shallow and the wall is relatively thick, any horizontal 
force applied to the top of the wall may be transferred directly by local cantilever 
action to the floor of the tank. However, if the tank is comparatively deep and 
the walls relatively thin there will be considerable local bending of the top section 
of the wall in a horizontal plane which, in an extreme case, might lead to collapse 
of the tank. The writer knows of no such case occurring with reinforced concrete 
tanks but at least one large steel tank has failed in this way. In this country calcu- 
lations of the type that follow will only be necessary where the tank wall carries a 
row of upstanding stanchions or some type of superstructure that greatly increases 
the effects of wind. 

' In Fig. 25.1 a plan and section of a tank subjected to wind loading is show 


SECTION 


PLAN 


Fig. 25.1. 


The wind effect is mostly due to discontinuity of the stream lines over the edge 
of the wall (turbulence) and it will be assumed that the effect varies as cos? 
and that three-quarters of the effect comes on the windward half of the rim and 
one-quarter on the leeward half. It will be assumed that the effect is symmetrical 
about diameter ab and that the top of the wall is provided with a stiffening ring to 
resist the local bending. To give a problem of some tangible size the total wind 
load will be assumed to be 10,000 Ib. and this will be divided into a series of con- 
centrated loads applied at 36 points, spaced at 10-deg. intervals, so that standard 
tabulated values can be used without the need to integrate. There are thus 
18 loads (or rather 17 loads and 2 half-loads) on the semicircle ach, spaced at 10-deg. 
intervals as shown in Fig. 25.2. 

The total horizontal wind load of 10,000 Ib. that comes on the top stiffening 
beam is transferred to the ground by the wall of ithe tank acting altogether as a 
vertical cantilever of hollow circular section. Following the usual theorem for beam 
shear the shearing force is tangential to the circle and the intensity per unit length 
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10,000 


of circumference is sin « lb. per foot, where r is the radius in feet. Dividing 


the circumference of the semicircle into 18 parts and resolving the shearing forces 


WIND 


Fig. 25.2. 


parallel to, and at right-angles to, the diameter ab the forces shown in Fig. 25.3 
are obtained. 

The top stiffening beam is held in equilibrium by the wind loads shown in 
Fig. 25.2 and the shearing forces shown in Fig. 25.3. 

Symmetrical cases of this kind may be solved by first treating one-half of the 
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Fig. 25.3. 


ring beam (that is, the semicircle ach) as a fixed-ended semicircular arch and then 
applying a correction, as there can be no ‘ horizontal’ thrust (that is, no shear in 
the ring beam) at a and at 6. The analysis, the coefficients and the ‘ temperature ” 
correction factors may be found in the writer’s ‘ Reinforced Concrete Design ’. 
The effect of the shearing stresses shown in Fig. 25.3, with a total resolved com- 
ponent of 5,000 lb., on a fixed-ended semicircular arch of radius r is shown in 
Fig. 25.4. If, instead of splitting the shearing force into separate concentrated loads, 
the problem is integrated directly, H, = 2,500 lb., T, = 2,388 lb. and M, = + 7959. 
Positive moments cause tension on the inside of the circle. These are the same 
for any symmetrical distribution of the wind force of 5,000 lb. but are correct only 
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within the limits of slide-rule calculation. The effect of the wind loads shown 

in Fig. 25.2 on a fixed-ended semicircular arch, is shown in Fig. 25.5 These figures 

apply only to the exact distribution of wind loads shown in Fig. 25.2. 
Combining Figs. 25.4 and 25.5 the end reactions in Fig. 25.6 are obtained. This 
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figure shows an outward thrust of 781 lb. at a and at b. But, since the loading 
is symmetrical about the main centre-line of the ring beam ab, there can be no 
shear reaction at a and # at right-angles to the ring, and points a and 0 will move 
inwards towards one another until this movement produces an inward thrust of 
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781 lb. to cancel out the outward thrust of 781 Ib. in Fig. 25.6. Using the tempera- 
ture coefficients: 


6-74@REI .. RET 781r 
iii = a 781, giving . a ar 
28 
M, — 4°28 PREI = os x 781r —— 497?. 


This correction is shown in Fig. 25.7. Applying the correction to the values in 
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CORRECTION DUE TO 
SHORTENING OF ab. 


Fig. 25.7. 


Fig. 25.6, the fixed-ended arch is transformed into a continuous circular ring-beam 
with thrusts and moments at a and 6 as shown in Fig. 25.8. From these and the 


(S 


5000 lb. shear 


——______—_- 
5000 Ib. wind 
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, > 
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\ ———_— / 
oh 5000 Ib. shear es 
Fig. 25.8 


detailed loads in Figs. 25.2 and 25.3 the moments, thrusts and shears may be calcu- 
lated at all points along the ring. The values of the thrusts and shears are small. 
The moments in the more heavily-loaded quadrant are as shown in Fig. 25.9. 
If the wind loads in Fig. 25.2 are doubled the thrusts and moments in Figs. 25.8 


and 25.9 will be doubled. For example, if the total effective wind load on the tank 
is 10 tons and r = 100 ft., 


10.000 * 485 X 100 = 108,900 Ib.-ft. = 1,300,000 Ib.-in. 
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If the top of the wall is not less than 20 in. in thickness then the top 3 feet of the 
wall itself could be reinforced to resist this moment and no additional ring beam 
would be needed (unless required to form a walkway). 

If the tank wall carries a superstructure and if the designer has to comply with 


WIND 
5000 bb. 


Fig. 25.9. 


some arbitrary clause in local regulations or in some code of practice by which the 
total wind load must be assumed to be distributed uniformly over the elevation, 
then the loading will be as shown in Fig. 25.10. Splitting this into a series of con- 
centrated loads spaced at intervals of 10 degrees, the distribution shown in the 
figure is obtained. = 


5000 bb. 


Fig. 25.10. 
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Applying the same process of analysis that was used for the loading in Fig. 25.2, 
M,=-+ 660r and T, = + 1,856 lb. 


Integration of this particular case gives (within the limits of slide-rule accuracy), 


M, = + o-140pr?, M, = — 0-125pr? and M, = + ov! 1opr?, 
positive moments producing tension on the inside of the circle. 
: 5,000 on 
In Fig. 25.10, p = 5,000/r and M, = + 0°14 X ae xX r2 = + 7007, 


against a figure of +66or previously calculated. The discrepancy of less than 6 per 
cent. is mostly due to cumulative errors in the use of a slide-rule. o— 
If a tank with a diameter of 200 ft. carries a superstructure go ft. high which is 


Cc 


to] 


d 
Fig. 25.11. 
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d 


Fig. 25.12. 
subject to a wind load of 18 lb. per sq. ft., and if all the wind load is to be carried 


on the windward columns and is spread uniformly across the elevation as shown 
in Fig. 25.10: 


Total wind load = 200 X 30 X 18 = 108,000 lb., 
against the assumed figure of 10,000 lb. in Fig. 25.10, and r = 100 ft. 
108,000 
~~ 10,000 
To resist this with a resistance moment of 100 bd?, the top 3 feet of wall would 
need to be 4 ft. in thickness. 

If the uniform pressure p on the windward face in Fig. 25.10 were split to give a 
uniform pressure of 4 on the windward face and a uniform suction of $f on the 
leeward face, as shown in Fig. 25.11, then M, = + o-015pr?, M,=o0 and 
M, = — 0015 pr’. 


M, X 660 X 100 = 712,000 lb.-ft. = 8,550,000 Ib.-in. 


2 
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If the wind loading were concentrated into a single concentrated load P as in 
Fig. 25.12, 
M, = + 0:238Pr. 


Wind on Buried Tanks 


So far it has been assumed that the tank is standing well above ground level, 
but most tanks subject to heavy horizontal loading are surrounded by substantial 
earth banks so that the wall of the tank may move inwards but cannot move outwards 
against the counterpressure of the earth. 

The illustration in Fig. 25.13 represents a tank ACBD inside earth banking subject 


A 
<~—-— Pp, 
. See 
D C +—— P, 
e +~—-— Pp 
Py 

B 


Fig. 25.13. 


Me = + O-257Wr A 


counterpressure 
from banking 


=3-634 W\_“1y = +0-606 Wr 
trees w 
Fig. 25.14. 


to a series of lateral forces P,;P,P, applied to the top of the wall. If the earth has 
been carefully placed and consolidated the leeward half of the tank ADB may be 
assumed to be continuously supported by the bank so that the top of the windward 
half of the wall ACB acts primarily as a semicircular fixed-ended arch. The 
moments in this semicircular arch would be of the type shown in Fig. 25.14, but 
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under these moments, although the crown of the arch at C moves away from the 
earth banking, the haunches at E and F would tend to move outwards but would 
be prevented by counterpressure from the earth and, if the bank were really solid, 
that part of the tank wall which is immediately facing the wind would be in some 
State similar to a two-hinged segmental arch subtending an arc of about go deg., 
as shown in Fig, 25.16. 


Me ~ +0:0549 WL 


Fig. 25.16. 


The values of H for various positions of an applied load W on a two-hinged 
segmental arch of go deg. are given in Fig. 25.15. 

The reduction of the system to a segmental arch should only be assumed if the 
earth banking is of suitable material which has been systematically laid and con- 
solidated. With poorer material the windward half may be treated as a semicircular 
fixed-ended arch, while with very poor material or when the banking may be 
removed at some future date, the top of the tank wall should be designed as a free- 
standing tank using the methods described earlier in this chapter. 


Tanks Subject to Seismic Effects 


The present-day method of considering the effects of lateral earthquake forces 
is to assume that the force is equivalent to the application of a static horizontal 
load which represents some percentage of the weight of the structure. The values 
in Figs. 25.14 and 25.16 are actually taken from the design of a circular wall carrying 
vertical loading and subject to a horizontal earthquake surge equal to 0:1225 g. 
In Figs. 25.14 and 25.16 the north half of the wall is shown with the earthquake 
surging from north to south. In addition to the surge of the wall and superstructure 
there will be wave-slap against the south half of the wall. According to expert 
opinion this effect is small and it merely forces the wall against the banking. 


Wind Effects on a Tank for a Spirally-guided Gasholder 


The term ‘spiral’ is used (or rather terminologically mis-used) in the same 
sense as in a ‘spiral’ staircase, the guides being attached to the holder in a series 
of regular helices at an angle of about 45 deg. and each guide running between 
two flanged rollers which are fixed to the top of the wall of the gasholder tank (Fig. 


25.17). 
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Usually the makers of the gasholder will give details of the tangential and radial 
forces on the pairs of rollers that keep the holder in position. The reader might 
like to check these for himself. 

The manner in which the lateral wind load on the holder is transmitted to the 
top of the tank wall must depend on the stiffness of the holder (which is stiffened 
by internal gas pressure), on the clearances between the guides and the roller, 
and on the accuracy with which the guides and rollers are set. 

When not subjected to wind loads the holder is stable and when it heels over 
slightly it tends to right, in the same manner asa ship. The amount of this tendency 


Ring beam 
Fig. 25.17. 


depends on the ratio between the height and the diameter and on the relative 
weights per square foot of the roof, and the upper, middle and lower parts of the 
wall. The natural tendency against capsizing is small and will be ignored in the 
calculations that follow. 

The holder, stiffened by internal pressure, will act as a vertical cantilever and 
will impose both a bending moment and a horizontal shearing force on the top of 
the tank wall. The stresses due to the moment about a horizontal axis will be 
primarily vertical compression and tension but, due to the inclination of the guides, 
horizontal forces will develop and these may tend to distort the stiffening ring at 


the top of the tank wall. For simplicity the moments and shearing forces may be 
considered separately. 


Forces due to Overturning Moment 


The tank will have a number of pairs of rollers set at equal intervals round the 
circumference; for ease in calculation a continuous narrow ring of thickness ¢ 
(Fig. 25.18) may be considered instead. The modulus Z of a thin ring about a 
horizontal axis is zr*t. If the wind moment about the axis CD is M, the primary 


vertical stress at any point P in Fig. 25.18 is OS 6. Assuming that the guides 
gr 


é 2M 
are sect at an angle of 45 deg., this vertical stress induces a stress of vee cos 0 
rer“t 
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on the face of the roller and thence a horizontal stress tangential to the circle equal 
to Ee as6 (Fig. 25.19) 

ger*t es 


The total moment of this tangential stress about the vertical axis of the circle 
for the semicircle CBD is 
i= M 2M 
2| 5, CSO Xr xX 7r.db6 xX t= —. 
0 mrt IU 


If the guides are set in a left-hand screw as in Fig. 25.17, the tangential forces on the 


— cos 9 


D 
Fig. 25.18. Fig. 25.19. 


semicircle CBD will all run from C towards D and those on the semicircle CAD 
will also run from C towards D. Each will have a component acting parallel to 


CD. On a small length of ring ds at P, the component will be ry cos? O(r.d6)t 
ger 


and the total component in this direction over the whole circle will be 
i" M 
| — cos? §.d§ = —. 
Qo 7r : if 
In other words an overturning moment M about the horizontal axis CD tends to 


drive the holder in the direction DC with a force equal to ae Assuming that this 
r 


movement is taken by the guides bearing on the flanges of the rollers in radial 
bearing and that the intensity varies as sin 6, being zero at A and B, equal to figs. 
at Cand D, and generally equal to fina, sin 6 (see Fig. 25.20), the component parallel 
to CD of the total stress on an element ds at point P is 

Simaz. Sin 6 (r.d0)t sin 6 


and the total component over the whole circle is 


4| bnaastt sin® 0 dO) = pay vert. 
0 


M 

= 

To obtain some tangible values, assume that there are 36 pairs of rollers, each 
serving an arc of 10 deg., and that M = 8or*. When 0 = 45 deg., 


M 1 


M 
i in Fig. 25.18 = —— cos 9 = —— X —. 
tangential stress at P in Fig. 25 arte Ret 3 


This must equal cs so that j,45.—= 
r 
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- gert 
Area of portion of tank surface given by an arc of 10 deg. = a 
M I gore M .-  8or? 
Total tangential force on arc = —~ X —= X = Se a 


mrt” Vg 18  8Var 18Var 


The radial and tangential forces on the ring beam due to eight 1o-deg. arcs of wall 


Fig. 25.20. 


subjected to a moment of 807? (always assuming the guides are set at 45 deg.) 
are shown in Fig. 25.21. For other values of M and with a different number of 


4°44r2 


ee anaes oe 


3-14r2 3+14r2 


Fig. 25.21. 


rollers, the forces may be found pro-rata. Thus if M = 56r3 and there are 48 pairs 


of rollers, the value of 3-14r? per pair of rollers becomes 3-147? x - x . = Tare 
oo 

In order to use standard tables 36 arcs of 10 deg. are considered here and these 

forces must be resolved parallel to AB and CD. 
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In general, the force on an arc on Io deg. at an angle @ is 


== cos § tangentially and a sin 6 radially. 
The resultant of these forces parallel to AB is 

Lae 6 sin 6 + Eee 6 sin 6 = i 20. 

187 187 18r 


The resultant parallel to CD is Be oe? § ee = — cos 20. 
18r 18r 187 


The components of the horizontal forces due to a moment of 807° for the semi- 
circle CAD are shown in Fig. 25.22, the loading being symmetrical about CD. 


Total Wind 
Moment = 8Or3 


Fig. 25.22. 


Firstly, it will be seen that the horizontal loading from the wind moment on the 
ring beam as a whole is in equilibrium (as it may be expected to be) and, even if the 
ring beam were not attached to the rest of the wall, it would not move bodily. 
Any tangential shearing forces that may develop between the wall and the ring 


beam must be very small and may be ignored. 
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Treating the semicircle CBD as a semicircular fixed-ended arch the end reactions 
shown in Fig. 25.23 are obtained. Since there is no shear at C and D no ‘ tempera- 


il; Mc =-0-09r? Ane =(5E 3 
25-4r2 SC *oar O9r 
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Fig. 25.23. 


ture’ correction (as described in an earlier example) is required. These figures 
are only correct within the limits of the slide-rule. 

Taking moments about the vertical axis of the circle for the quadrant CB and 
resolving in both directions, the reactions at B shown in Fig. 25.23 are obtained. 


Forces due to Shear 


If the wind creates a horizontal shear force F in the direction A towards B, 
this force can be imagined to be primarily distributed uniformly between all the 
guides. In this case the guides will bear on the flanges of the rollers at A and B 
and on the faces of the rollers at GQ and D. But any horizontal force on the face 
of a roller causes a vertical force of the same magnitude (still assuming that the guides 
are set at 45 deg. and ignoring friction). This force would drive the holder down 
at D and up at C (still assuming that the guides are set in a left-handed screw). 
Apart from the natural stability of the holder, which it has already been decided 
to ignore, there is nothing to resist these vertical forces and the holder would tilt 
about the axis AB and move from A towards B until all the shearing force comes 
on the flanges of the rollers in a series of radial forces (Fig. 25.20). Assuming that 
the intensity of each radial reaction varies as cos 9, the component of the radial 
force in the direction of the wind is finar, cos 6 (r.d0)t cos 6. 


Total shear = F = 4) Smaxtt cos* 6 .d0, cine err. 
0 


Thus Snax. = a 

sort 
To give the problem some tangible size, assume F = 10,000 Ib. With 36 pairs 
of guides spaced at 10-deg. intervals, the total wind shear of 5,000 Ib. on the semi- 
circle ACB would produce the forces shown in Fig. 25.24. ‘Treating ACB as a 
semicircular fixed-ended arch, under this loading the end reactions at B will be 
as shown in the figure. Since the applied loads in Fig. 25.24 do not balance, they 
must be resisted by beam shears from the wall acting on the underside of the ring 
beam. These have already been determined from a previous solution and are 
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shown in Fig. 25.3. Combining Figs. 25.3 and 25.24, the end reactions at A and 
B are, within the limits of slide-rule accuracy, as shown in Fig. 25.25. Summing 
the forces on the quadrant CB the reactions at C may be obtained. 

Considering a gasholder 200 ft. in diameter and 180 ft. high, and assuming an 


96 Ib. 


190 Ib. 
278 Ib. 


357 Ib. 


‘ 
190 Ib. 
278 Ib 


426 |b. 
Je 


4357 Ib. aoe 
<2: lb” E ; 
S482 Ib. ~ 522 Ib. 


~x 599 Ib. Total Wind Shear 10,000 Ib_ 


277 |b 2,497 Ib. 
Mp =+787r 


Tp z 791 Ib. 


Fig. 25.24. 


average wind pressure of 18 lb. per sq. ft. on the elevation with the centre of pressure 
100 ft. above the top of the tank, 


F = 18 X 200 X 180 = 684,000 lb. and M = 648,000 X 100 = 64,800,000 lb.-ft. 


As r = 100 ft., M = 64:8r° against the value of 80r? previously assumed. The 
moments, thrusts and shears in the ring beam due to the overturning moment of 
64:87? will be 0-81 times those in Fig. 25.23, and the moments, thrust and shears 
in the ring beam due to the wind shear will be 64:8 times those shown in Fig. 25.25. 


Ce os Mc = O 

aG 
1,588 Ib. 

24!) Mi Ee an B 

A _ o B | 
ae ib. Tp | 3,176 Ib. Tg =¥ 3,176 bb. 
Fig. 25.25. 
Combining these two sets of values, 
Mz = — 73,000 |b.-ft. +0; Tg = 0 + 206,000 lb. (tension). 
Shear at B = 1,780 lb. + 0. 
Moy = — 73,000 lb.-ft. + 0; Tg = 206,000 Ib. + o (tension). 


Shear at C = 0 + 103,000 lb. 
Mp = + 73,000 lb.-ft. + 0; Tp = 206,000 lb. + 0 (compression). 
Shear at D = 0 + 103,000 lb. 
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Moments, thrusts and shears at intermediate points may be calculated by simple 
arithmetic. 

These figures have been determined by the use of a slide-rule and are based 
on certain assumed distributions of loading. These assumptions depend on the 
relative stiffness of the holder and the clearances and tolerances, both radial and 
circumferential, between guides and rollers. Nothing has been allowed for slight 
inaccuracies in the guides or rollers. If the tank supported a column-guided holder 
of the same size, and if the columns were so braced as to spread the wind load evenly 
over both elevations this would give 


648,000 


= 1,620.lb. per foot run of diameter. 
2 X 200 


Mp = 0°03 X 1,620 X 100? = 486,000 lb.-ft. 
If the columns in the ring are so braced that all the wind load comes on the one 
elevation, 

Mz = 0°14 X 3,240 X 1007 = 4,530,000 |b.-ft. 
The reader should study these comparative figures before finally deciding on the 
design of the ring beam. 

Wind loading can only come on the top of the tank wall when the tank is full 

of water and the water pressure will tend to stiffen the tank. 


Thrusts on Rollers 


From Fig. 25.21, the radial outward thrust on the roller half-way between C 
and B is 3-147? for a wind moment of 807°, assuming the rollers are set at 10-deg. 
intervals. If the moment is 64:8r3 and if there are actually 48 pairs of rollers, the 


radial thrust per pair of rollers is ae oo amet -Olr. 
4 
If r = 100 ft., the radial thrust per pair of rollers is 19,100 lb. 

From Fig. 25.24 the radial thrust on this pair of rollers is 393 lb. for a shearing 
force of 10,000 lb. and with 36 pairs of rollers. For a wind shear of 648,000 Ib. on 
48 pairs of rollers, the thrust would be eee x 36 = 19,100 lb. 

10,000 48 


Total thrust = 19,100 + 19,100 = 38,200 lb. = 17 tons. 


Wind Effect on Large Structures 


Circular storms varying in size from ‘ dust devils’ or ‘ twisters’ to typhoons are 
often encountered at ground level in hot climates. Air turbulence of this type 
often develops in temperate climates and is frequently encountered by aeroplanes 
(occasionally with fatal results) but the effect seldom reaches down to ground level. 
When it does it produces destruction over a narrow belt which is of limited length. 
Any large structure which happens to stand directly in the path of the disturbance 
may be subjected to heavy pressure on half its elevation and heavy suction over the 
other half, and the structure may suffer some form of spiral collapse. The Hamman 
dome at the 1950 Toronto Fair had special bracing provided solely to guard against 
this effect. The higher the structure the more likely it is to reach up into the 
main area of turbulence, and a severe circular storm striking a large gasholder would 
probably wreck the upper lifts of the holder before the stresses in the gasholder 
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tank reached failure point. The author has had experience of only two such 
circular storms in this country and the chances of any given structure being struck 
by one are fairly remote. However, it is possible, when a high structure is sur- 
rounded by other high structures, for a strong steady wind to be deflected and 
broken up into a state of turbulence resembling a circular storm. 

There are at least three recorded instances (one on film) of structures being 
struck by periodic gusts that coincided with the natural period of the structure. 
These conditions are unlikely to develop in a reinforced concrete structure itself 
but could develop in a metal superstructure carried on a reinforced concrete 
substructure. 


Gasholder Tanks 


The principles of the design of gasholder tanks are similar to those given in 
Chapters 2, 3 and 5, but the strictest precautions must be taken to prevent unequal 
settlement, which would result in mechanical trouble in the operation of the holder. 
The forces that may be imposed on the top of the wall have already been discussed. 

Some types of gasholder-tank walls are shown in Fig. 25.26. The first of these 
is suitable only in good ground from which there is no uplift due to water pressure. 
The width of the portion of the footing inside the line of the wall depends on the 
length of the rest-blocks. A space should be left between the inner edge of the 
rest-block and the bottom of the sloping slab to allow drainage during erection. 
The inclined slab is usually reinforced with small-diameter bars. It is often trouble- 


Tw... 


120°- Oo OA: 


Fig. 25.26. 


some to construct, a top form being required, and furnishes a case where it is often 
cheaper to make a reinforced slab 8 in. thick than to lay a 6-in. reinforced concrete 
slab on 2 in. or 3 in. of plain concrete. 

The design shown in Fig. 25.26) is a very common type, and except for the 
inclusion of pilasters and rest-blocks does not differ from a large water or slurry 
tank. 

The design in Fig. 25.26c is suitable for ground with a low-lying water-table. 
This consists of a double cylinder, the lower parts of the walls being designed for 
combined earth and water pressure from without, in addition to water pressure 
from within. The upper portion is designed for water pressure from within, and 
sometimes a reduction is made for the whole or a proportion of the active earth 
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Fig. 25.27. 
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pressure from without, but this reduction should not be made for ground such as 
clay which may shrink away from the wall in dry weather. The upper floor is 
built above the level of the ground water and is often a 6-in. slab reinforced with 
3-in. diam, bars at 12-in. centres at right-angles. 

The loads on the rest-blocks are transmitted to the ground by a footing ring, 
which acts as an inverted beam loaded uniformly, if the settlement is uniform, on 
the ground and spanning a distance / between the rest-blocks. This is usually 
designed for a moment M = +,/,W/?, and is reinforced with continuous ring bars 
in the top and bottom and }-in. or 3-in. diam. links at about 12-in. centres. 
The ends of the links should project into the circular slab for a length of about 
2 ft. The area of steel in the ring beam may be calculated from the formula 


M ; : 
== eee where M is the moment in lb.-ft. The same area (A,,) is then 


af st 
used in both top and bottom layers of steel. 

Particular care is required in the design of the pipe pit or well, so that the 
portion outside the tank is adequately connected to the remainder of the floor. 
The outer portion of the pipe pit and the main tank are subject to loadings of very 
different magnitude, and there is a probability of uneven settlement between the 
two parts of the structure. 


Examples 


A gasholder tank at Dundee is shown in Figs. 25.27 and 25.28. The internal 
diameter is 172 ft. 6 in. and the depth at the wall 35 ft. 6 in. The wall and the 
central column, required for erection purposes, were carried down to a solid rock 
foundation, and the floor of the tank consists of a g-in. slab on 6 in. of hardcore. 
For a height of 22 ft. the wall is 27 in. thick; above this level the thickness decreases 
to 14 in. and there are twenty-eight external pilasters, each 3 ft. 6 in. wide, extending 
up to the coping which is 16 in. deep. The wall footing is 8 ft. 2 in. wide and 
2 ft. g in. deep, and carries fifty-six rest-blocks, each 5 ft. by 2 ft. by 1 ft. Con- 
nection between the footing and the g-in. floor slab is by means of a sloping slab, 
varying from 18 in. thick at the bottom to 12 in. at the top and inclined at 45 deg. 
to the horizontal. The angle between the centre lines of the pipe pits is 115 deg. 
This tank was designed to resist the internal pressure partly by hoop steel and 
partly by cantilever action, and was reinforced by mild steel bars ranging in diameter 
between 4 in. and 1 in. The concrete mix was 1: 2:4, and the working stresses 
were limited to 16,000 lb. per sq. in. tension and 600 lb. per sq. in. compression. 
Steel forms were used for the walls and the concrete was placed by chuting. The 
walls were coated on the inner side with cement slurry brushed on, and the exposed 
surfaces were rubbed down and given a coat of cement wash. 

TANK wiTtH ConicAL Borrom.—A section through a gasholder tank of 84 ft. 
diameter with a sloping floor is shown in Fig. 25.29 and details of the wall and 
footing reinforcement are given in Fig. 25.30. 

Larce GaAsHOLDER Tanks.—A tank at Sheffield for the East Midlands Gas 
Board is 230 ft. in diameter and 44 ft. 9 in. deep, with the top 15 ft. 6 in. above 
ground level, and accommodates a five-lift spirally-guided gasholder of 8,000,000 
cu. ft. capacity. For all the reinforced concrete a 1 : 2 : 4 mix was used; the main 
reinforcement is medium high-tensile steel the design stress in which is 20,000 lb. 
per sq. in. Continuous rings of reinforcement were formed by welding the ends 
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Fig. 25.28. 
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of the medium high-tensile bars. This resulted in a considerable saving in the 
weight of steel required. 

The main wali, which varies in thickness from 3 ft. at the bottom to 1 ft. at 
the top, is designed to resist hoop tension only, the restraining moment at the bottom 
being eliminated by the use of a watertight sliding joint. The wall is covered with 
a water-resisting membrane held in place by a lightly-reinforced concrete wall 6 in. 
in thickness. The top of the wall carries the guide-carriages for the gasholder 
and forms a cantilever walkway 5 ft. wide which also acts as a stiffener resisting 
horizontal wind loads. The central portion of the tank is an earth ‘ dumpling,’ 
made watertight with clay puddle after the erection of the gasholder. The top 
of the dumpling follows the original slope of the ground (about 1 in 12), and the 
sides are retained by a vertical wall varying in height from 4 ft. to 15 ft. The outer 
and inner walls are 11 ft. apart and are supported by a slab which also supports 
the steel ‘lifts’ of the gasholder when the holder is deflated. The slab is cast on 
solid rock for part of its length, and the remainder is supported by plain concrete 
piers and short precast concrete piles driven to rock. Gas inlet and outlet pipes 
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Fig. 25.29. 


enter the tank through the bottom, and are carried up outside the tank in reinforced 
concrete shafts which are separated from the tank wall. 

The ground was levelled around the tank, the backfill of soil on the low side 
being retained by a wall about 20 ft. distant from the tank. This wall is designed 
as a curved band resisting tension only, with anchorages at each end, and is supported 
on short columns and footings. 

A tank 183 ft. in diameter by 34 ft. deep to accommodate a spirally-guided gas- 
holder with a capacity of 3 million cu. ft. has been built at Cheltenham for the 
South Western Gas Board. The tank is sunk in the ground to a depth of 24 ft. 
and has a flat reinforced concrete floor with a single central column to carry the 
load from the crown of the holder. The floor is 6 in. in thickness, except under 
the central column and where it forms an annular ring-beam 11 ft. wide which 
carries the outer wall and the steel ‘lifts’ when the holder is empty. The whole 
of the floor is of 1 : 14 : 3 concrete and, after the holder was constructed and just 
before the tank was filled with water, the construction joints were covered with 
aluminium foil and bituminous sheeting to ensure watertightness. 

The wall of the tank, of vibrated concrete, varies in thickness from 1 ft. at 
the top to 2 ft. at the bottom and is designed to resist internal water pressure by 
circumferential reinforcement which is welded at the laps. The walls are lined 
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with a waterproof membrane of reinforced bitumen which is protected by a lightly- 
reinforced concrete wall 6 in. thick. As it was considered that the continuous 
bitumen membrane would ensure that the tank was watertight, a stress of 18,000 lb. 
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per sq. in. was adopted for the steel reinforcement instead of the more usual 
12,000 Ib. per sq. in. It was also considered safe to make an allowance for the 
support provided by the active pressure of the earth. As it was not considered 
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possible to determine with accuracy the restraint at the bottom of the wall in a 
tank of this size, the wall is separated from the base of the tank by a sliding joint 
which incorporates thin steel plates to seal the joint. The top of the wall has a 
kerb 3 ft. wide which carries the 42 holder carriages, the bolts for which are enclosed 
in pilasters spaced equally around the tank. The kerb resists the horizontal com- 
ponent of wind loads transmitted to the carriages by the steel superstructure. 
Details of a gasholder tank of 232 ft. internal diameter at Bristol are given in 


Fig. 25.31. 


CHAPTER TWENTY-SIX 


NOTES ON CONSTRUCTION 


THE basic principles of construction that apply to all reinforced concrete work will 
apply also to water-retaining structures. Only points which apply with special 
emphasis to watertight work are discussed here. 


Storage of Industrial Liquids 


Many substances are not injurious to concrete, for example, those known as 
bases and the compounds of carbon (the paraffins). Others are distinctly harmful, 
and some may be, but are not always, destructive. Nearly all acids and many 
salts, especially sulphates, can produce harmful effects. Examples of these are 
(a) sulphuric, hydrochloric, nitric, hydrofluoric, carbonic, oleic, saccharic, and 
acetic acids, and phenol, and (b) magnesium sulphate (in sea-water), magnesium 
chloride, sodium sulphate, linseed oil, olive oil, butter, cocoa butter, fruit juices, 
milk, and all other fatty oils. Sulphuric acid in accumulator rooms and acetic 
acid at artificial silk works are frequently responsible for the need of protective 
coatings on structural materials. 

Substances which are harmless to concrete include sodium chloride, calcium 
chloride, oxalic acid (the only harmless acid), sodium hydrate, sal ammoniac, lime 
water, mineral oils, benzol, paraffin, Vaseline, etc. 

Protective measures include the provision of linings of glass plates jointed with 
acid-resisting cement or wax, coatings of acid-resisting asphalt or paraffin wax, 
lead linings, and mixtures of pitch and tar. In some cases, for example at breweries, 
it is important not to use a lining which will give the liquid a peculiar flavour, 
alter its colour, or introduce any smell of chemicals. Wax enamelling on the 
rough (unrendered) concrete surfaces has been found to be satisfactory and does 
not interfere with the stability of the beer. If the tank has been rendered, tke 
surface must not be heated too much when putting on the enamel with the blow- 
pipe, otherwise the rendering will flake off. 

So many contradictory statements have been made concerning the storage of 
fuel oil in reinforced concrete tanks that an engineer may be bewildered when he 
is faced with the problem. The views expressed in the following paragraph are 
those of an engineer with great experience in this work. 

It is the policy of oil companies in the Far East not to use concrete tanks 
generally for storing heavy oil. The reason for this is not that concrete is damaged 
by the oil or the oil by the concrete, but that steel tanks are easily dismantled and 
removed elsewhere when necessary, whereas concrete tanks are essentially fixtures. 
These companies have found that fuel oil does not harm the concrete in those tanks 
they have built or in concrete containers in which tins of oil are stored and leak 
because of bad soldering. On the contrary, cement wash is used to protect the 
bottoms of the steel tanks from rust caused by water separating from the oil. 
Cement does not harm the oil, and is used as a }-in. spun lining in old pitted metal 
pipes in the pumping system. The polished surface of the cement is found to give 
a low frictional resistance to pumping. 
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Some design details of a 4o-ft. diameter fuel oil tank are given in Fig. 26.1. 
The concrete was mixed 1: 14:3 by volume for the floor, walls, columns, and 
footings; 1: 2:4 by volume for the roof slab and beams; and l-9 Oger plain 
concrete. A 4-in. by 16-gauge metal strip, well lapped at its ends, was cast in 
at all horizontal construction joints. 

Even when very dense concrete is used for tanks to contain petrol, losses have 
occurred due to the volatile liquid percolating through the concrete. In a system 
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Fig. 26.1. 


known as ‘ La Paroi Hydraulique ’, a double wall is used, the space of about 1} in. 
between the leaves being filled with hollow blocks made of porous concrete. The 
cavities extend vertically in the walls. A false bottom is also provided. The 
cavities in the walls and floor are kept filled with water, and the hydrostatic pressure 
of the water prevents leakage of the contents of the tank. 

In a system devised by M. E. Miozzi, of Venice, the petrol tank is surrounded 
by a larger and deeper tank which is filled with water and so prevents seepage of 


petrol through the sides and top. The bottom of the petrol tank is filled with 
water, on which the petrol floats. 
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After experimental work in advance of the construction of more than 2,000 
concrete oil-storage tanks of capacities ranging from 25,000 to 2,500,000 gallons, 
the United States Navy Department in the year 1943 adopted the following linings 
and protective measures. For heavy fuel oil, four coats of silicate of soda on the 
inside. For diesel oils and petrol, three different types of lining have been developed, 
namely a vinylite plastic painted on the interior, sheet thiokol latex (an aqueous 
suspension of polysulphide of rubber) cemented to the interior, and thiokol in latex 
form and a layer of 4-oz. cotton fabric; the latex thiokol is painted on the inside 
of the tank, the fabric is embedded in the latex, and a coat of thiokol is applied 
over the fabric. The tanks were prestressed. During three years of use, no leakage 
was noticeable and when the tanks were drained the following results were reported: 
Exposed metal was slightly corroded. Exposed concrete in the roof showed no 
sign of cracking or spalling. The lining was slightly discoloured but otherwise it 
was intact. The fabric was tight, and there was no indication of loosening at the 
joints. 

It has been proposed that reinforced concrete oil tanks be lined with a thin 
continuous sheet of high-purity aluminium, welded at the joints and laps. 


Storage of Hot Liquids 


It should be remembered that circular tanks ‘ breathe’ more easily than rec- 
tangular ones and thin walls ‘ breathe’ more easily than thick ones. The radial 
thickness of the wall of a circular tank is constant. However, if the four walls 
of a rectangular tank are 12 in. in thickness, they are 12 in. thick radially at the 


centres of the sides but are V2 X 12 or 17 in. in thickness, at the corners. A warm 
circular tank exposed to a cold wind causes less discontinuity in the air stream lines, 
loses less heat and loses it more uniformly. A cold wind eddying round a warm 
square tank chills the corners to a temperature many degrees below the tempera- 
ture in the centre of the sides. This is at once apparent if the hand is pressed 
against different parts of the wall. The difference is sufficient to open horizontal 
cracks across the corners. 

If the floor is anchored to the foundation or if it is colder than the walls, a severe 
‘restraint ’ effect may be set up when the walls warm up and expand. The exten- 
sion caused by a rise in temperature of 11 deg. F. (if E, = 3,000,000 lb. per sq. 
in.) is the same as the extension caused by a tensile stress of 200 lb. per sq. in. The 
floor of the tank should be designed to slide freely over the foundation so that it 
can expand and contract in unison with the walls. 

Tanks to hold warm liquids should at least be protected from the direct impact 
of cold winds even if they cannot be insulated effectively or housed in warm buildings. 


Storage of Very Cold Liquids 


The necessity for the inground storage of liquid natural gas at a temperature 
of —260 deg. F. (—160 deg. C.) has raised the problem of the strength of reinforced 
concrete at these low temperatures. Although much further investigation is neces- 
sary it seems that the concrete maintains its strength at such temperatures. Mild 
steel also retains its strength but tends to become brittle. High-nickel steel remains 
ductile but it is difficult to obtain bars of a length suitable for large tanks. 

Preliminary experiments indicate that the adhesion between steel and concrete 


may increase at very low temperatures. 
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Concrete Materials and Placing 


Materials.—The use of rapid-hardening Portland cement is seldom necessary 
in the construction of reservoirs. Also, it is not advisable to use it because of the 
extra shrinkage of concrete made with rapid-hardening Portland cement due to 
the additional heat generated during the setting and hardening period, and to the 
extra mixing water necessary to produce the required workability owing to the 
finer grinding of this type of cement. Sudden changes of temperature, due for 
example to the early removal of timber shutters from hot concrete on a cold day, 
often cause cracks that may result in leaks. The less heat generated in the early 
stages the better. 

Rounded aggregate makes a more workable and therefore a more watertight 
concrete than crushed aggregate. Of two tanks of identical design built with the 
same foremen on the same site the tank built with concrete containing natura! 
rounded shingle aggregate was more watertight than one built of crushed granite 
aggregate. : 

Proportions.—A mixture of 1 cwt. of cement, 1§ cu. ft. of sand, and 33 cu. ft. 
of coarse aggregate, that is a nominal 1 : 14: 3 mix, is commonly used for floors, 
walls, and roof. In CP.2007:1960 proportions of 1 cwt.: 2 cu. ft.: 4 cu. ft. are sug- 
gested, that is a nominal 1 : 1-6 : 3:2 mix. The decrease in permeability obtained 
by the use of additional Portland cement has already been mentioned. Some 
engineers add hydrated lime to make concrete more workable and denser. An 
example is the mix specified for the reinforced concrete filters of the Metropolitan 
Water Board at Kempton Park, in which the proportions were 200 lb. of Portland 
cement to 44 cu. ft. of sand and 84 cu. ft. of shingle plus hydrated lime in the pro- 
portion of 8 lb. to each 1 cwt. of cement. It has been said that the substitution | 
of a 1: 14:3 concrete for a 1 : 2: 4 mix is not desirable in reservoir construction | 
because the richer mixture shrinks more; however, this argument is unsound since’ 
I : 2:4 concrete requires a higher water-cement ratio with consequent extra shrinkage 
which annuls any smaller shrinkage due to the smaller cement content. : 

The amount of mixing water depends on the workability required rather than 
on the strength of test cubes. Not only must it be possible to compact thoroughly 
each layer or batch of concrete, but it must also be possible to knead each layer’ 
or batch into the preceding layer or batch. Otherwise the structure may tend to 
become a collection of separate units with joints between them, through which 
water may leak. Whatever means are provided for compacting the concrete, 
enough water must be added to ensure a solid and monolithic structure. Careful 
supervision of the first section to be concreted and careful inspection when the 
shuttering is stripped should show whether too little or too much water has been 
used, and neither the water-cement ratio nor the slump should be definitely fixed 
until the first section of the work has been completed. For watertight work a 
sufficiently workable concrete is essential even if it means using different, smaller, 
or less coarse aggregate, or increasing the cement content to compensate for the 
increased mixing water. 

Transporting Concrete.—In reservoir construction relatively small amounts 
of concrete have to be transported over a considerable distance with only a limited 
amount of lifting. Whatever type of plant is provided, the construction of the 
floor should be a simple matter. The roof also is simple, since the concrete can 
be wheeled on runways supported from the shuttering. Each part of a wall should 
be constructed immediately after the part of the floor beneath it, and this generally 
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means that the shuttering for the roof (if any) is not in position sufficiently soon 
to serve as a high-level runway for concreting the walls. The mixing plant may be 
at floor level and the concrete barrowed to the base of the wall and then lifted by 
hoist or mobile crane. Alternatively the mixing plant may be at roof level and 
a high-level runway provided at the level of the top of the wall. A third method 
is to use plant which is capable of both lifting and transporting, such as a chuting 
plant or concrete pump. ‘The choice depends on the size of the work, the general 
levels of the site, and the type of plant that is readily available. 

Small contracts have often to be undertaken with plant that is easily available, 
however unsuitable it may be. On larger works it is usual to provide reasonably 
new standard plant well suited for the work, while in the case of very large contracts 
the plant is often specially designed for the work. In Fig. 26.2 a monorail trans- 
porter, of a type that is now frequently employed for distributing concrete, mounted 
on a gantry of tubular scaffolding is shown. In Figs. 26.3 and 26.4 a chuting plant 
at some filter tanks constructed for the Metropolitan Water Board is illustrated. 


Fig. 26.2. 
The aggregates were dumped alongside the tower and raised by a grab to timber 
hoppers situated above the mixer. A tower or mast is not always the most econo- 
mical plant to use, particularly where wages are low. A large daily output of 
concrete is necessary to achieve economy with a tower, which in turn requires a 
considerable area of shuttering when walls are being concreted. Assuming that 
the mixer produces 40 cu. yd. daily and that the walls are 12 in. in thickness, 240 
sq. yd. of shutters must be erected each day if the plant is to be kept continuously 
employed. Chuting plants such as that shown in Figs. 26.3 and 26.4 were once 
in common use, but are now seldom seen. They can be successfully used only if 
both the designer and contractor understand their limitations. Rounded aggregate 
and a reasonably wet mix are essential. It is also advisable to limit the amount 
of coarse aggregate so that this does not exceed the combined volumes of the sand 
and cement. A 1: 14:23 mix can be chuted safely with normal aggregates, while 
a 1:14:3 mix may not be suitable. A concrete pump, on the other hand, cannot 
be successfully used to transport very wet or very harsh concrete, but is well suited 
to the rich workable mix required for watertight work. 
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Fig. 26.3. 
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Fig. 26.4. 
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Placing and Compacting Concrete by Hand.—In Fig. 26.5 an ideal con-_ 
ception of the process of concreting a wall when the concrete is compacted by 
hand tamping is shown. The concrete is placed in successive layers A, B, C, etc., 
each about 6 in. high. The minimum initial setting time for Portland cement 
is forty-five minutes, and it might be thought sufficient to tamp each layer 
within forty-five minutes of first wetting it, but for watertight work this is not 
enough. As already pointed out, each layer must be rodded down into and knitted 
with the layer below. Thus layer D must be tamped on to and into layer C 
before layer C sets, that is within forty-five minutes of first wetting layer C. In 
effect this means that one layer must be placed every twenty minutes (in normal 
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Fig. 26.5. Fig. 26.6. 


temperatures). If each layer is 6 in. high this means placing a height of 18 ins. 
per hour. With a 12-in. wall concreted in sections 50 ft. long this is a minimum of 
75 cu. ft. or, say, 3 cu. yd. per hour. The fact that every layer must be placed 
before the preceding layer sets must be particularly borne in mind if it is proposed 
to use ready-mixed concrete. There is no practical limit to the height of wall 
that may be concreted in one operation provided that the men entrusted with the 
tamping can easily see and easily reach the surface of the concrete throughout the 
operation. Only in the case of thick walls (say, 2 ft. and upwards) can tipping 
wagons, concrete carts, pumps, or crane skips be discharged directly into the shutters. 
In the case of thinner walls the concrete must be dumped on to a banker and dis- 
tributed (usually by shovels) in layers sufficiently thin to ensure thorough compaction. 

Placing and Compacting Concrete Mechanically.—On small contracts with 
little or no technical supervision mechanical consolidation is best not attempted. 

The consistency of the concrete must be carefully and continuously regulated. 
If external vibrators are employed the shuttering must be adequately strong but 
at the same time sufficiently flexible to transmit the vibrations to the concrete; 
it should also be uniformly flexible, otherwise it tends to fall into nodes and anti- 
nodes with the result that some of the concrete is over-vibrated and some honey- 
combed. This may mean altering the positions of the vibrators as the work proceeds. 
Usually the most difficult part to compact by external vibrators is the lowest part 
of each lift of wall. Since the horizontal construction joints are, in any case, the 
weakest sections of the wall, honeycombing at this level is likely to be serious. 

When internal vibrators are used, a regular programme of insertion should be 
prepared. Haphazard dipping of the machines into the centre of a wall may pro- 
duce a line of ‘ puddles’ along the middle with extensive honeycoming at the 
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faces. Compared with hand ramming, the rate of concreting should be hastened — 
so that no concrete more than one hour old is subjected to appreciable vibration. — 
In all cases the designer should insist on inspecting the first section of wall imme- | 
diately the shuttering is removed and before any making-good is attempted. 

Horizontal Construction Joints in Walls.—Most walls are concreted in lifts” 
of about 4 ft., and one of the major problems is to make a watertight joint between | 
the lifts. In all cases the surface of the lower lift should be cleaned. If the concrete 
is only one or two days old it is dangerous to hack the surface with a pick, and wire 
brushing and hosing are the best treatment. If the concrete is more than seven 
days old it may be hacked, and if a month old a pneumatic chisel may be used. 
It is common to insert a strip of sheet steel, 4 in. to 6 in. wide and of about 20 gauge, 
in the construction joint at the base of the wall (Fig. 26.6), and some designers use 
these, or purpose-made plastic strips, at all horizontal joints in a wall. Before 
beginning to concrete the upper lift the surface of the lower lift should be wetted 
and a layer of 1: 1:2 concrete about 3 in. thick spread over it and thoroughly 
tamped down. In the I.C.E. Code the use of a layer of 1 : 13 sand and cement | 
is suggested instead of 1: 1 : 2 concrete, but the main point is to ensure that this 
layer is thoroughly worked down on to the surface of the lower lift. Ifa wall or 
column splays out at the top, a joint should be made at the bottom of the splay 
and the lower part allowed to harden and cool before concreting proceeds. 


Vertical Construction Joints in Walls.—As a rule there is less risk of 
leakage through vertical joints than through horizontal joints. The surface should 
be cleaned and wetted. The new concrete should be spaded away from the old 
face and then spaded back on to it. It is often possible to provide sufficient shut- 
tering to enable the concrete from one expansion joint to the next to be placed in 
one operation, and thus avoid vertical construction joints in the walls. 

If there are severe stresses across the horizontal construction joints, the inser- 
tion of metal or plastic jointing strips might be considered here also. The provision 
of jointing strips should always be regarded as an additional safeguard and not as 
an excuse for slack supervision or a low standard of workmanship. 


Curing.—The importance of curing the freshly-placed concrete has already 
been mentioned. If the wall is above ground and exposed to the sun and the wind 
extra precautions must be taken. 

It is customary to assume that the shrinkage of air-dried concrete may be a 
maximum of 1/2,oooth part of its length. An approximate idea of the effect of 
shrinkage may be arrived at as follows. Assuming that the coefficient of expansion 
of concrete is 0-oo0006 per deg. F., a rise of 50 deg. in temperature would cause a 
100-ft. length of wall to expand 0-36 in., or nearly 3 in. It is not always realized 
how great is the contraction of air-hardened concrete, and adequate precautions 
are not always taken to cure the concrete. If, for example, concrete is hardened in 
Mee eee (assuming a high value 

2,000 
of the coefficient of shrinkage). This shrinkage is equivalent in magnitude to the 
contraction which would occur owing to a fall in temperature of 50 x a = OF 
oO 
deg. F. Although no engineer would willingly subject new concrete to a ompeen 
ture range of 80 deg., the material is sometimes so improperly cured that the effects 
of shrinkage are of the same order. 


Tests have shown that permeability is very much less at twenty-eight days for 


air, a length of 100 ft. contracts about 
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concrete cured in a moist condition for seven days, than for similar concrete moist- 
cured for only three days. Specimens cured in a moist condition for the whole 
period of twenty-eight days were far less permeable than those cured for the shorter 
periods. Lack of watertightness is often due to the use of excessively wet or very 
stiff concrete; when stiff mixes are used, plasticisers help to improve workability 
and thus offset the defects due to bad workmanship. 

Very wet concrete must not be used for concrete that is to be bonded with 
older work, as this is often a cause of separation and planes of leakage. If new 
concrete is to be joined to existing work, a pneumatic pick is useful for preparing 
the surface. 

If rapid-hardening Portland cement is used it should be remembered that the 
same total quantity of heat is developed in rapid-hardening and in ordinary Portland 
cement while setting and hardening, and therefore more water must be applied 
during the initial stages of hardening of rapid-hardening Portland cement concrete 
if the curing is to be adequate. 

There are now on the market curing agents which can be painted on the surface 
of newly-set concrete and which retain the moisture by preventing evaporation. 
In a hot dry climate where water is scarce these agents are very useful. 


Formwork 


Full details of the design and construction of formwork will be found in ‘ Form- 
work’ by Wynn and Manning. Only the main basic points are touched on here. 

Wall Forms.—In addition to the usual requirements, the wall formwork for 
watertight work must be such as not to interfere with the placing of the concrete. 
The depth of the forms must be restricted (unless the wall is sufficiently thick for 
a man to work inside) so that the surface of the concrete can be clearly seen and 
easily reached. The number of shuttering ties passing through the wall must be 
restricted, and they must be of a type that will not cause a path of leakage through 
the wall. Restriction of the number of ties may result in an increase in the cost, 
and if it is decided to limit or forbid the use of ties this should be made clear in 
the specification and, if necessary, repeated in the bill of quantities. 

Nearly all formwork consists of facework made up in panels, supported by or 
kept in alignment by some kind of framing such as vertical soldiers, walings, raking 
shores, struts, or clamps. Unless mechanical means are provided for moving them 
the panels must be restricted in size and weight, particularly if they have to be 
erected by hand on scaffolding well above floor level. 

Standard steel wall forms 2 ft. by 2 ft. in size are available; these are keyed or 
clamped together and provided with steel aligners. ‘They are usually supported by 
numerous wire ties, usually two to four strands of 12-gauge or 14-gauge soft steel wire, 
which pass through and are left in the wall; the concrete at their ends is scraped 
away, and the protruding ends are cut off, turned back, and driven into the concrete, 
and the surface made good. This work may be badly done or overlooked, with very 
unsatisfactory results. In any case closely-spaced wire ties interfere with ramming 
and tamping and with the use of internal vibrators, and for this reason some engineers 
forbid the use of forms of this type for watertight work. 

Timber forms, particularly if vibrators are used, should be made of tongued- 
and-grooved boards screwed to cleats. If timber forms are fixed with steel bolts 
of 8-in. diameter, the bolts must be straight, greased before use, and given a turn 
some twelve or eighteen hours after the concrete is placed. When the shuttering 
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is struck the bolts are driven out, leaving a clean round hole. A simple way to 
plug these holes is to drive in a sound soft cork from each side and fill the rest of 
the hole with sand and cement mortar. 

Although they are preferable to wire ties, many engineers object to bolts pass- 
ing through a wall. As an alternative, bolts made in three (or five) pieces can be 
used, so that when the shuttering is struck the two (or four) outer pieces can be 
unscrewed and removed and the central piece left permanently embedded. The 
central piece is of such a length that its ends are recessed about 1 in. from the face 
of the concrete. With bolts of this type care must be taken to pack the concrete 
tightly around them and the holes must be carefully filled with mortar or synthetic 
resin; the fillings may be painted with tar or bitumen. 

If all internal ties are forbidden then external struts may be used. These are 
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simple if the wall is built in a timbered or sheeted trench. If the wall stands free 
above floor level then raking struts are necessary with their lower ends resting in 
temporary pockets left in the floor or supported on timber sleepers embedded in 
the ground. Ifa raking strut is steeper than 1 (vertical) in 3 (horizontal) its upper 
end must be tied down or weighted or it may overturn; for walls above to ft. high 
external struts soon become very long and cumbersome. 

The ‘ hairpin’ method is shown in principle in Fig. 26.7. A bolt is passed 
through the soldiers immediately above each lift of wall and a packing-piece inserted 
between them about a foot higher up. The soldiers must be sufficiently stiff to 
prevent the bottom of the shutters being forced out due to the pressure of the 
wet concrete, and the arrangement shown would be economical only where timber 
is cheap. Alternatively a steel clamp would be used with tubular steel scaffolding 
to carry the weight of the forms. 

Wall Formwork in Trench.—When a wall is constructed below ground level 
in a timbered (or sheeted) trench the struts supporting the timber always present 
a major obstacle to fixing the steel, erecting the formwork, and possibly to con- 
creting. In the case of a retaining wall that need not be watertight some of the 
struts may pass through the forms and be left in place until the wall is sufficiently 
strong to resist the lateral pressure. If these struts are made of precast concrete, 
only the visible ends need to be cut off: but in watertight work the struts should 
be removed before concreting each lift. This may entail much re-strutting and 
transference of lateral pressure on to the wall before it is strong enough to resist it. 
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It may therefore be cheaper and sounder to use steel trench-sheeting with only 
a single line of struts instead of simple timbering with two or three lines of struts, 
as the higher initial cost of the sheeting is offset by a reduction of labour costs on 
the reinforcement, formwork, and concreting. In a deep trench in wet ground 
steel sheet-piling may often be avoided if the contractor has skilled timbermen. 
But any initial saving is almost certain to be heavily outweighed by subsequent 
increases in labour and overhead costs, as well-driven steel sheet-piling is of great 
assistance for work below ground-water level. 

Formwork on Very Large Contracts.—The formwork on very small con- 
tracts is often made of timber that has already been used. For most work, how- 
ever, new timber or steel forms are available. On very large works where the 
same formwork can be re-used many times, purpose-made steel forms especially 


Fig. 26.8. 


designed for the work can be economically employed, the cost being more than 
recovered by the saving in labour; arrangements should also be made for mechanical 
transport or lifting of the forms and for levelling, aligning, and stripping them. 
An example is shown in Fig. 26.8. With the present tendency towards mechaniza- 
tion there is a trend towards more frequent use of such purpose-made forms. 
Continuously-moving Forms.—It is now standard practice to construct the 
walls of silos with forms that are continuously jacked up on 1-in. diameter steel 
bars set in the walls. This method has not been widely adopted for tanks and 
reservoirs, but the absence of horizontal construction joints is a point in its favour, 
and the fact that the concrete is never more than 6 in. below the top of the form 
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is another. The method has been used for constructing the walls of slurry tanks. 
Continuously-moving forms are readily applicable only to walls of constant thickness. 

Underground Tanks as Caissons.—Circular tanks up to 50 ft. in diameter, 
square tanks up to 50 ft. square, and tanks of similar plan area of simple and sym- 
metrical shape may be sunk as open-topped caissons. The walls should be about 
2 ft. in thickness to provide sufficient weight to overcome earth friction, which is 
about 2 cwt. per square foot for all types of soil, the stiffer soils being more easily — 
and widely undercut. The shuttering for the walls may be hung from frames above 
ground level, swung into position, and filled with concrete. At this stage excava- 
tion should be stopped until the concrete has set and the shutters struck and swung 
clear. Excavation is then recommenced and the caisson sunk through a depth 
equal to a lift of shutters. The shuttering is then swung back and the process 
repeated. 

The final sealing of the floor slab in waterlogged ground can usually be done 
by building in a length of 30-in. diameter cast-iron flanged pipe to act as a sump, 
the pipe being finally closed by a blank flange-plate. ; 

The successful design, construction and sinking of a caisson depends more on 
understanding and coping with local ground conditions than on the calculation of 
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moments, thrusts and shearing forces. The subject is therefore more a matter of 
foundation design than the design of a water-retaining structure. For further 
information and examples the reader is referred to the author’s ‘ Foundations’. 

Formwork for Roof.—The spacing of columns and the beams (if any) in a 
reservoir roof is dictated only by questions of economy, and if the contractor has 
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concrete was deposited by a combination of hoist, hopper, and chute (Fig. 26.8). 
Along with the concrete a 1}-in. facing of cement mortar was worked on the water 
face of the walls. The wall sections have U-shaped recesses at the ends and vertical 
steel plates across the joints. The ends of the sections were painted with a thick 
coat of mixed tar and pitch before filling in the intermediate sections. The floor 
was covered with asphalt and this was worked into a groove near the toe of the walls. 

At the Arkley Reservoir, Barnet, the 10-in. square columns were precast and 
lifted into recesses left in the footing blocks which projected above the floor level. 
Wedges were used to hold the columns in position and were knocked out after 
grouting the connection. This method of construction is advantageous in reducing 
the cost of formwork and scaffolding and allows the bearers for the roof forms to 
be bolted to the concrete columns. 

As a general rule the type of formwork suitable for plain concrete retaining 
walls is also suitable when constructing a plain concrete reservoir. Two examples 
show improved methods of constructing formwork which contain points of interest 
to waterworks’ contractors. 

For the construction of a plain concrete wall at the Grosvenor Canal recon- 
struction the contractors used vertical steel channels instead of timber soldiers. 
These steel channels were drilled through both flanges at 6-in. centres, and steel 
plates, with small steel channels riveted to their upper and lower edges and stiffened 
by vertical steel angles, one at each edge and one at the middle of the plate’s length, 
constituted the panels. The outer steel angles were drilled to match the holes 
in the flanges of the vertical channels, and all the parts were interchangeable. 
The channels were either strutted off the existing work or tied back into the concrete 
by #-in. diam. threaded rods passing through holes in the web of the vertical channel 
and a packing piece in front. When the forms were stripped, the 3-in. diam. 
rods were cut off at the surface of the wall. 

An ingenious arrangement of wall forms used on the construction of a plain 
concrete wall is shown in Figs. 26.9 and 26.10. The panels are 2 ft. wide, built up 
from 8-in. by 14-in. boards and stiffened with 6-in. by 14-in. ledges at the ends 
and by a pair of 4}-in. by 14-in. cleats in the middle portion. The abutting ends 
of the panels were provided with 1-in. by 4-in. wrought-iron plates screwed on. 

When the cross-section of the wall is heavy, such as in high plain concrete walls, 
the panels may be held in position by walings tied back to 3-in. bent bars set in 
the concrete at the top of each lift. 

The formwork for the outside of the top lift of the walls of a reinforced concrete 
reservoir at Welwyn Garden City is shown in Fig. 26.11. Panels were used between 
the counterforts, and tied together by bolts through the walings and sheeting. 
The bolts passed through -in. diameter cardboard tubes, which were removed 
with a brace and bit after the concrete had hardened. 

The illustration in Fig. 26.12 is an example of panel construction of forms 
applied to the construction of a plain concrete reservoir wall. 

For shuttering the upper surfaces of the pyramids in the Luton settlement 
tanks steel forms were used in conjunction with special angle plates at the junc- 
tions of the faces of the pyramids. Near the tops of the slopes, timber forms were 
used. The method of tying and strutting these forms to resist the lateral pressure 
of the wet concrete is shown in Fig. 26.13. 

A type of form with aluminium alloy frames and liners is shown in Fig. 26.14. 
The ties are serrated strips of aluminium alloy concreted in, the projecting ends 
being snapped off after the formwork is stripped. 
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Settlement Tanks 


Most circular settlement tanks are operated by inclined scraper-blades, attached 
to a rotating arm, which carry the precipitated material towards a central sump. 
For the efficient working of the tank, it is necessary that the blades are always very 
close to the surface of the floor without touching it, so that the surface of the floor 
must be accurate to line and level within very small limits (say } in.). This may 
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be accomplished by leaving the surface of the structural floor about 2 in. below 
the finished level with screw-in sockets cast in the surface, fixing steel templates 
accurately to these sockets, and laying two inches of granolithic reinforced with steel 
mesh. One end of the rotating arm is carried on a central pivot and the other 
is usually supported on a rail set on the coping of the wall. In some modern tanks 


Fig. 26.15. 


the metal scraper blades are replaced by swing-mounted rubber squeegees and 
the rotating arm is carried on pneumatic tyres running directly on the top of the 
outside wall. It is sometimes possible to leave the surfacing of the floor until after 
the rotating arm and blades are fixed and thus use them to level or help to level 


the floor (see Fig. 26.15). 
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In Fig. 26.16 a shutter is shown which was made for the construction of sixteen 
conical bases, 80 ft. in diameter and sloping at 30 degrees, of sludge-digestion 
tanks for the Birmingham ‘Tame and Rea District Drainage Board. The concrete 
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Fig. 26.16. 


was placed continuously, and the difficulty of placing concrete beneath sloping 
shuttering was avoided. The width of the shutter was between 2 ft. and 3 ft. 
The shutter was pivoted at the centre of the cone, and comprised an inclined 
flexible steel plate sliding on guide members; it was rotated by compressed air. 


CHAPTER TWENTY-SEVEN 


EXAMPLES OF COMPLETED WORK 


A sLurRY basin at a cement works is shown in Fig. 27.1. Slurry, consisting of a 
suspension of finely-divided chalk and clay in water, is used in the manufactu-e 
of cement. The solids are kept in suspension by continuous stirring and the slurry 
behaves as a liquid weighing about 100 lb. per cu. ft. Some designers have assumed 
that the suspended matter would at once fill up any fine cracks that might develop 
and have taken risks with the design. ‘The slurry, in fact, will find its way through 
very fine cracks. 

The slurry basin in Fig. 27.1 was designed to contain slurry weighing 100 lb. 
per cu. ft. It was originally intended to taper the wall but it was necessary to 
accommodate a series of deep bolt-pockets in the top. The wall was designed 
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Fig. 27.1. 


as a fully-restrained circular tank with a maximum tensile stress in the steel of 
16,000 lb. per sq. in. both in hoop tension and in bending. 
The design may be checked from the values given by the charts in Chapter 3. 


iit ene tte 2 == 1°89 Tt. 
H/VTR = 1-77. 
Restraint moment = 0:1625wHTR (Fig. 3.13) 
= 182,500 lb.-in. per foot run of wall. 
M 182,500 
bd? 12 x 162 
Maximum ring tension = 0:285wHR = 20,000 lb. per foot height of wall. 


moo o: 


: 20,000 , 
Tension on concrete alone = me Gi 104 lb. per sq. in. 
2 xX 1 


A smaller but similar basin is shown in Fig. 27.2. 


Five slurry mixing tanks are further examples of the design of circular tanks. 
Of the five tanks, four are of 66 ft. internal diameter and one is 48 ft. in diameter. 
Each of these tanks is 11 ft. 6 in. deep from coping to floor level with an allowance 
of 6 in. freeboard. The walls are 6 in. thick for the entire height; a top projection, 
8 in. deep and 4 in. wide, provides support for the segmental track plates. The 
floors of the tanks are of reinforced concrete 5 in. in thickness and laid on top of 
2 in. of plain concrete laid on the chalk. The plain concrete was used in order 
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to provide a clean and firm working surface. At the junction of the walls and 
floor slabs 6-in. by 6-in. fillets were constructed both inside and outside the tanks. 
The floor of each tank is reinforced with a mesh of }-in. diam. bars at 18-in. centres 


near the top of the slab. Short }-in. diam. bars at 6-in. centres were laid radially — 


in the top portion of the slab and extend inwards under the wall from the outer 
edge of the footing to bond the wall and floor slab together. ‘The walls are reinforced 
to resist the tension caused by the pressure due to a liquid weighing 104 lb. per 
cubic foot and the negative moment induced at the junction of the wall and floor 
by the restraint which occurs at that point. (In the design of slurry tanks at Shore- 


ham in the year 1951, Dr. Oscar Faber, assumed densities of 76 lb. per cubic foot : 


for clay slurry and 100 lb. per cubic foot of chalk-clay slurry.) 

In the 66-ft. tanks the lowest ring of hoop steel in the wall is situated 12 in. 
above the top of the 6-in. by 6-in. fillet. The spacings of the successive hoops of 
I-in. diam. bars, counting from below, are five spaces of 5 in. each, two 6-in. spaces, 
one 7-in., one 8-in., and one g-in. space. Above these eleven bars the bars are 
spaced at g in.; the number and diameters of the remaining bars are two $-in., 
one 3-in., and two 8-in. The hooping steel is arranged with 5-ft. staggered laps 
and has a cover of 2 in. of concrete measured from the outer face of the walls. The 
vertical bars on the outer faces are 3-in. diam. at 12-in. centres. On the inner 
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face the verticals are }-in. diam. at 6-in. centres in the lower part of the wall. At 
3 ft. 6 in. above floor level the spacing of these bars is increased to 12-in. centres. 
The coping is reinforced with three }-in. diam. bars. 

In the 48-ft. diameter tanks the reinforcement is similar in size and spacing 
to that used in the larger tanks, except in the case of the hooping bars. The spacings 
of these, counting from 12 in. above the top of the fillet, are two of 6 in. each and 
two of 7 in. for the five 1-in. diam. bars. Above these rings the bar diameters are 
reduced to §-in. and the spacings are two of 6 in. and one each of 7 in., 8 in., g in., 
10 in. and 12 in. The two hoops at the upper part of the 6-in. wall consist of 
?-in. and §-in. diam. bars respectively at 12-in. centres. 

During the reconstruction of another cement works two clay-slurry tanks were 
constructed in reinforced concrete. Each tank has an internal diameter of 66 ft. 
and is 12 ft. deep from coping to the top of the floor slab. The floor is 68 ft. diameter 
by 2 ft. thick, and is founded at 1 ft. 6 in. below the existing ground level. The slab 
is reinforced with a top and bottom mesh of mild steel bars, the bars in each being 
at 12-in. centres both ways and j-in. diam. The outer edge of this slab is 
stiffened by two 1-in. diam. bars laid circumferentially, one near the top and one 
near the bottom of the slab. 

The wall of one of these tanks is 7 in. in thickness from top to bottom and is 
provided with a coping 11 in. wide, 2 in. of which is bevelled on the outer side. 
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The total depth of the coping is 10} in. and it is reinforced with four 3-in. diam. 
bars and ;%,-in. diam. links at 6-in. centres. At the bottom of the wall there is an 
internal fillet 10 in. by Io in. in section. The external fillet is 10 in. high and 5 in. 
wide. The junction between base-slab and wall is reinforced with two series of 
zg-In. diam. bars at 6-in. centres. One set is continuous from the bottom of the 
slab and is bent into the outer face of the wall; the second is curved from the plane 
of the upper mesh in the floor into the inner wall face. The main reinforcement 
of the wall above the fillet is circumferential and in two rings with -*;-in. diam. 
verticals at 16-in. centres inside both rings and on both faces. The lower ring 
bars are ?-in. diam. and the upper 3-in. diam. ‘The former are spaced at 5-in. 
centres on each face and the bars on opposite faces are staggered. The two lower 
rings are also spaced at 5-in. centres, and there is a 5-in. space between the lowest 
8-in. diam. bar and the top ?-in. diam. ring. Above this the spacing is increased 
to 6 in., and near the top it is 8 in. on each face. The hoop steel is bent at right- 
angles at both ends and lapped 3 ft. 6 in. and 4 ft. for the 8-in. and 3-in. diam. 
bars respectively, the laps being tied together with 3 ft. of 16 S.W.G. wire at both 
ends. 

In the first tank constructed the wall thickness varied from 7 in. to 4 in. below 
the coping, but the second tank was built with a wall of uniform thickness in order 
to simplify the circular formwork and to permit the use of standard steel forms. 

The concrete in the walls of the tank was mixed in the proportions of 6 cwt. 
of rapid-hardening Portland cement to } cu. yd. of sand and 1 cu. yd. of j-in. to 
i-in. shingle. In the concrete for the floor slab a proportion of I-in. to 1}-in. 
shingle was allowed. 

A plan and sections of a 1,000,000-gallons covered reservoir at Penrith, which 
is 124 ft. by 100 ft. in plan and has a depth of water of 13 ft. are shown in Figs. 
27.3 and27.4. The roof is supported by thirty-six 11-in. square columns, each re- 
inforced with four ?-in. diam. bars. 

The walls are designed to span vertically between the roof and the floor, and 
are assumed to be fixed at the bottom and freely supported at the top. Fixity 
at the bottom was ensured by increasing the thickness of the concrete under the 
walls and providing the necessary steel in the base. The thickness of the wall 
varies from 8 in. at the top to 12 in. at the bottom. The arrangement of the mild 
steel reinforcement in the wall is shown in the illustrations. The main bars are 
vertical, and 4-in. diam. horizontal bars at 24-in. centres are also provided near 
both faces of all walls to resist temperature and shrinkage stresses. The external 
walls were designed to resist pressure from either the head of water in the reservoir 
or the earth backing acting independently, as it was considered that the backing 
might at some time shrink away from the wall. The inner partition is designed 
to withstand water pressure from either side. 

For the floor of the reservoir 1 in. of concrete was first placed and steel mesh 
reinforcement laid thereon in continuous lengths 7 ft. wide to enable the floor to 
span over any hollows due to differential settlement of the ground beneath. As 
will be seen from the drawings the base is thickened under each column and rein- 
forced with mesh laid in two directions (at right-angles) to distribute the load evenly 
on the ground. The direct tension in the base slab is resisted by mesh, with the 
main wires at right-angles to the length of the walls. This mesh is extended 12 ft. 
inwards. Beyond this point no steel is required for this purpose, as the friction 
between the ground and the tank bottom is sufficient to reduce the tension to a 
value that may be resisted by the concrete. The aggregate consisted of j-in. 
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granite chippings and river sand. The proportions of the concrete were 1:2: 4 
in the floor and roof and 1 : 1$: 3 in the walls and columns. 

On excavating to the specified level, half the bottom was found to be com- 
posed of sandstone rock and half of sandy clay. Land drains were formed around 
the foundation to the walls leading to the sandstone, and by this means the water 
was drained away through the fissures in the rock. Under two-thirds of the 
columns, after excavation had been carried to the required level, the ground was 
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Fig. 27.5. 
found to be in such a spongy state, due to inclement weather, that about 6 in. of 
plain concrete was laid. 

The formwork for the walls was removed in from two to three days, depending 
on the weather. The sides of the beams were removed in three to four days, and 
props to soffits after five weeks. After completion of the work alternate compart- 
ments were filled for the purpose of testing, but there was no sign of any leakage. 
No waterproofing composition was used on the inside of the reservoir, but a coating 
of cement was applied. 

A section through part of a service reservoir at Nelson covered with a flat- 
slab roof is shown in Fig. 27.5. The walls were designed to retain 22 ft. of earth 
with the reservoir empty and a head of 20 ft. of water when filled. A test was 
carried out before the embankments were filled. No asphalt or other lining was 
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used. The dimensions of this reservoir are: length 305 ft.; width 135 ft.; average 
depth of water 20 ft.; the capacity is 5,000,000 gallons. 

A service reservoir with a capacity of 1,000,000 gallons for the Borough of 
Stafford was constructed abutting an existing reservoir, the wall of which formed 
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the outer shutter for one wall of the new work. The inside dimensions of the new 
reservoir, measured at floor level, are 106 ft. 2 in. by go ft. 2 in. by about 18 ft. 9 in. 
from the floor to the soffit of the roof (Fig. 27.6). A wall divides the reservoir into 
two compartments of equal capacity connected by a 15-in. diameter pipe. A pipe 
of the same size connects the new and existing reservoirs, and the mains are so 
arranged that each compartment can be used independently. 
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The reservoir is founded on sandstone and gravel, and the site was first covered 
with a 3-in. layer of 1 : 2:4 concrete. The floor, which was cast in six panels, is 
6 in. thick and is reinforced in two directions with mild steel bars. The seu 
bases were cast with the floor and are 5 ft. square by 7% in. thick below the floor 
slab. The walls (Fig. 27.7) are designed as propped cantilevers. The outer walls 
taper from 1 ft. 7 in. thick at the base to g in. at the roof, the outer face being 
vertical. The dividing wall tapers on both faces from 1 ft. 7 in. to 10 in. Splays, 


Fig. 27.8. 


g in. by 9 in., are provided at all horizontal and vertical corners. No allowance 
was made for support from the earth on the outer walls, and the dividing wall was 
designed to resist the stresses when either compartment only is full. 

The roof is a flat slab 74 in. in thickness, with drop panels 3 in. deep by 7 ft. 
square supported on thirty-six columns 1 ft. 3 in. square. The roof is covered 
with 4 in. of screened gravel, 2 in. to 3 in. in size, and g in. of soil. In addition, the 
roof is designed to carry an imposed load of 100 Ib. per square foot. ‘The concrete 
mix for all the work comprised 1 cwt. cement, 2 cu. ft. sand, and 4 cu. ft. coarse 


aggregate. 
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Along all horizontal and vertical daywork joints in the walls, 3-in. by 3-in. 
V-shaped grooves were formed on the inside face. The grooves were later primed 
and filled with a sealing compound applied with hot rollers. Two coats of water- 
proofing solution were then applied over the joints to forma band 6 in. wide. The 
daywork joints in the floor are grooves # in. wide by 14 in. deep, which were treated 
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Fig. 27.10. 


in a similar manner. Three external valve chambers were constructed after the 
completion of the main walls. The puddle flange-pipes were cast in the walls 
during construction. 

' Some unusually interesting details are shown in Figs. 27.8 to 27.10, from the 
drawings of a reinforced concrete gasholder tank 162 ft. in diameter and 33 ft. deep, 
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Fig. 27.11. 


the walls of which are lined with 3 in. of asphalt. The capacity of the tank is 
4,250,000 gallons and the 2,500,000-cu.-ft. holder is of the spirally-guided type with 
four lifts. The tank is entirely below ground level, and the wall (Fig. 27.8) varies 
in thickness from 2 ft. 6 in. at the base to g in. at a distance of g ft. 6 in. below 
coping level. Upwards from this point the thickness is uniformly 9 in. Thirty-two 
piers support the stanchion bases, and the coping is 2 ft. 9 in. wide by 1 ft. g in. deep. 
The footing slab (Fig. 27.10) under the wall is 1 ft. g in. in thickness and is recessed 
Y 
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to a depth of 6 in. on a width of 2 ft. g in. to receive the wall. From the middle 
of this slot a 12-in. by 4-in. steel plate, continuous around the tank, projects 6 in. 
into the wall and forms a joint between wall and base. The thickness of the main 
part of the floor is 6 in. The reinforcement for the wall is shown in Fig. 27.9. 

Some details of a covered circular reservoir 64 ft. 3 in. in diameter, of which 
the bottom is partly sloping and partly horizontal, are shown in Figs. 27.11 to 
27.13. Of these, Fig. 27.11 is not typical in so far as the wall is concerned: the 
typical wall section is that shown in Fig. 27.13. 

A reservoir with a capacity of 1,500,000 gallons and a 1,000,000-gallon elevated 
tank 37 ft. 6 in. above the reservoir are shown in Figs. 27.14 to 27.18. They were 
built for the city of Glasgow and are situated to the north of the city at the highest 
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Fig. 27.12. 


point within its boundaries. Both the reservoir and tank are divided into two 
equal compartments by means of twin division walls which are separated by a 
4-in. layer of bituminous sheeting. The halves are designed to act independently 
of each other. The elevated tank is a plain rectangular box carried on internal 
columns with horizontal bracing and with large streamlined outer columns of 
hollow construction. At two of the corners of the tank there are square towers, 
inside which are staircases from the roof of the reservoir to the roof of the tank; 
at the other corners mock towers are carried up to provide the necessary supports 
to the corners of the tank and to preserve the esthetic effect. Means of access are 
provided to the reservoir and tank. 

The floor of the reservoir was divided into nine approximately equal areas and 
concreted in alternate panels in numerical order as shown in Fig. 27.15. A V-shaped 
groove 4 in. deep at the top of the slab was formed with a timber fillet nailed to 
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the stop-board. Before laying new concrete against set concrete, the face of the 
set concrete was roughened by hand picking, cleaned, damped, and coated with 
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Fig. 27.13. 


Fig. 27.14. 


i in. of stiff cement mortar immediately prior to laying the new concrete. Before 
sealing the V-shaped joint with the bituminous material, the joint was brushed 
clean of dirt and dust, first with a steel brush and finally with a soft hair brush; 
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the joints were then cleaned of fine dust with compressed air and thoroughly dried 
with a blow-lamp. Before the concrete had cooled, a thin coat of bituminous 
material about ;!; in. to 4/5 in. thick was applied to the surface of the groove with 
a warmed metal tool, working the coat firmly against the concrete so as to ensure 
adhesion. After the primary coat had been applied, the groove was filled with 
bituminous material with a warmed shaped-metal jointing tool; the filling was 
pressed firmly against the primary coat to ensure adhesion and watertightness. On 
completion, the bituminous filling, together with the concrete for a width of 4} in. 
on each side of the joint, was painted with two coats of bituminous solution. A 
similar joint was used in the walls of the reservoir and the tank and in the tank floor, 
with the additional provision of.a perforated copper strip. 

The walls of the reservoir and the tank were divided into panels by vertical] 


Fig. 27.19. 


joints midway between the main outer columns and in line with the joints in the 
floor; concreting was again carried out on the alternate panel principle and the wall 
was concreted in one operation for its entire height. ‘| 

At the junction of the floor and the wall, in both the reservoir and the tank a 
the bottom 6 in. of the wall and the 6-in. by 6-in. splay are constructed of 1 : 2 
cement mortar. The concrete of the floor was thoroughly cleaned and roughened 
where it was to come into contact with the wall and splay. The 1 : 2 cement mortar 
mixed fairly stiff, was then placed and was followed immediately by the structural 
concrete, which was thoroughly rammed into the mortar. Further protection 
against leakage at this point is provided by the }-in. mastic-asphalt covering to 
the splay, the asphalt in turn being protected with a 6-in. cover of 1 : 2 mortar. 
The main joint dividing the structure into equal compartments was formed by 
3-in. thick bituminous sheeting and on the exposed faces of the elevation the sheeting 
was wrapped with 7-lb. sheet lead. 
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The supply and discharge pipes to the elevated tank are accommodated in the 
hollow outside main column. Where the pipes pass through the walls or floor 
special castings were made. These castings are double-flanged, with a special flange 
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Fig. 27.22. 


cast on at the centre; they were placed in position and concreted in with the work, 
and the space between the flange and face of the concrete was caulked with mastic 
asphalt. When the reservoir and tank were filled with water these connections 
proved very satisfactory and showed no sign of leakage. 

Details of a covered reservoir of 25,000,000 gallons capacity for the Colne 
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Valley Water Company are shown in Figs. 27.19 to 27.22. The average depth 
of water is 21 ft. The floor is 12 in. in thickness, and is reinforced in both directions 
at the top and bottom; the top reinforcement is twisted square bars. The floor 
was cast in alternate bays of 30 ft. by 15 ft. with expansion joints at intervals not 
exceeding 100 ft. 

The walls are of an unusual shape. A ‘ wall unit’ comprises a base-slab 14 ft. 
wide incorporating a ‘ floor beam’ 4 ft. 6 in. deep, a lower section of wall 6 ft. 
high sloping outwards at 60 deg. and bearing against the excavated face, and an 
upper section of wall 20 ft. high sloping inwards at 60 deg. and incorporating a 
beam about mid-height. The floor and wall beams are connected by sloping rein- 
forced concrete members at 15-ft. centres. Expansion joints are at invervals not 


Fig. 27.24. 


exceeding go ft. and there is a continuous expansion joint between the base of 
the wall and the floor. 

The wall is designed to resist the full load of water without embankments, the 
the outward hydrostatic thrust being resisted by the lower sloping part of the wall 
and the floor beam. The weight of earth on the top inwardly-sloping section of 
the wall is slightly greater than the outward force due to the water pressure, and 
therefore the inner face of the wall will always be in compression. 

The total length of the perimeter wall is more than 2,000 ft., and therefore 
it was economical to provide special shuttering. The wall was constructed in 
sections 30 ft. long, each being concreted in four lifts. The first lift comprised 
the base slab and floor beam, and included the building-in of the raking struts 
which were precast with reinforcement protruding at each end. The second lift 
was the lower outwardly-sloping part, followed by the inwardly-sloping part up to 
and including the wall beam. The final stage was the top part above the wall 
beam. 
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The dividing wall is vertical, and at mid-height is strengthened by a beam 
tied to the floor beams on each side by reinforced concrete members at 15-ft. 
centres. As in the case of the perimeter wall, the raking struts were precast and 
built into the base slab. 

The roof is formed almost entirely of precast members. The column bases 
were cast insitu, and precast columns 12 in. square were erected on these bases. 
The main roof beams are prestressed precast members 30 ft. long. The roof com- 
prises prestressed precast trough-shaped units 15 ft. long supported by the beams. 
The gaps between the sloping sides of the roof units were filled with concrete which 
incorporates reinforcement over the top of the main beams to produce continuity. 
All the prestressed roof members were designed so that their bottom surfaces are 
in compression under the dead load. The roof is waterproofed with three layers 
of bituminous emulsion reinforced with two layers of glass fibre. Soil 12 in. deep 
is spread over the top of the roof. 

In Figs. 27.23 to 27.28 details are given of a service reservoir of 5,000,000 gallons 
capacity constructed for the Cambridge Waterworks Company. ‘The average depth 


Fig. 27.25. 


is 18 ft. The roof is of flat-slab construction. The edge of the roof is not connected 
to the walls, there being a gap of 13 in. filled with a rubber-bitumen sealer. There 
are two complete expansion joints in both directions passing through the floor, 
walls, and roof, thus dividing the structure into nine separate sections. 

The walls span between counterforts 2 ft. by g in. in cross-section, generally 
at 6 ft. 5 in. centres. The counterforts are propped at mid-height by struts inclined 
at an angle of 35 deg. to the horizontal. The struts were precast and placed in 
position before the thrust-blocks and counterforts were concreted. The floor is 
in two layers, both 3} in. in thickness. The lower layer is unreinforced and the 
upper layer is reinforced with a mesh of bars placed centrally in the slab at 10-in. 
intervals. Both slabs were concreted in panels 17 ft. 11 in. square with straight 
joints staggered between the two slabs. 

The amount of concrete placed in any one operation was strictly controlled. 
In the case of the walls this was limited to 19 ft. 3 in. horizontally by 3 ft. 9 in. 
vertically. An interval of fourteen days was allowed before the intermediate panels 
were cast. The partial contraction joints necessitated by this procedure were 
pointed with rubber-bitumen seals. To prevent leakage by the water by-passing 
the rubber-bitumen seals, the internal face of the concrete was painted with a 
bituminous primer followed by two coats of bituminous paint. All the concrete 
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was compacted by vibration, and in addition the concrete in ee wae and columns 
was agitated by sword-type spatulas 6 ft. long and 2 in. by 3 in. in cross-section. 

Details of a service reservoir at Leicester to contain 1,000,000 ee are given 
in Figs. 27.29 to 27.32. The wall panels are segmental arches, and the primary 
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Fig. 27.32. 


stress in them is compression only. Secondary moments may be caused by shrinkage 
(if any) and displacement of the crown due to direct compression in the panel and 
outward deflection of the counterforts. The counterforts in this reservoir are struc- 
turally independent of the roof and are in tension on the water face. The division 
wall is a tapering cantilevered slab and the roof is of flat-slab construction. 


Covering Existing Reservoirs 


At the Erdington service reservoir of the Birmingham Corporation, the pre- 
cast slab-and-beam roof is supported on 12-in. by 12-in. precast columns spaced 
at 13-ft. centres both ways. This reservoir is oval in plan, with a major axis of 
400 ft. and a minor axis 300 ft. long; it is 24 ft. deep from foundation level to 
the top of the roof, and the latter is designed to carry 1 ft. of earth and a super- 
load of 1 cwt. per square foot. The depth of water is 20 ft., and the plain concrete 
walls taper from 2 ft. 3 in. thick at the top to 6 ft. at the bottom. A facing of 
blue Staffordshire bricks, set in 1:14 Portland cement mortar with a 3-in. coat 
of asphalt between the concrete and brickwork, forms the inner surface of the wall. 
The 12-in. concrete floor is covered with a }-in. layer of asphalt and slopes at 
I in 200 towards a central drainage channel. So that all the columns should be 
the same length, the 4-ft. square footings were brought up to a level which com- 
pensated for the fall in the floor. Each footing has a rectangular socket to receive 
the spigot cast on the end of the column. 

The precast reinforced concrete columns are 12 in. square, each having an 
extended base designed to provide an ample bearing on the footing and also having 
an extended head for the support of the beams. The longitudinal reinforcing bars 
of the columns were left projecting about 15 in. above the concrete, in order that 
the projecting hooked ends of the main reinforcing bars of the beams might be 
looped over them and so link together the two types of structural members. 

The beams were precast to a uniform length of 12 ft., with the exception of 
the shorter beams connecting the marginal with the adjacent interior columns. 
As the spacing of the columns is 13 ft. from centre to centre, there was a distance 
of 12 in. between the ends of adjacent beams to provide for linking the reinforcing 
bars, the intervening space being afterwards filled in with concrete. The beams 
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are 16 in. deep by 16 in. wide at the top and are shaped off to 8 in. wide at the 
bottom so as to form an approximately T-shaped cross-section. 

Upon the beams are carried slabs of trough section precast in widths of 24 in. 
and with a length a few inches less than that of the beam spacing. The slabs are 
3 in. thick, each having two 6-in. projecting ribs which form the trough-shaped 
section, and the edges above the ribs are chamfered off to a depth of 7 in. When 
assembled, the slabs are placed with the trough inverted so that the projecting 
ribs come together and form a series of beams below the slabs, while the chamfered 
edges of continguous slabs form a series of V-shaped grooves, the latter being filled 
in with concrete. The spaces between the ends of the slabs are similarly filled 
with concrete, making a monolithic connection between all elements of the roof 
covering. ‘This simple method of slab construction resulted in a great saving of 
time and labour, as it eliminated the necessity for moulding and erecting separate 
beams or ribs for stiffening the slabs. 

In Fig. 27.33 a view is shown which was taken during the construction of a 
reinforced concrete reservoir cover, having an area of 3,100 sq. yd., and carried 
on precast. beams and columns, at Bridlington. 

Some circular reservoirs have recently been covered with domes of aluminium 
alloy of the Hamman type. These weigh only a few pounds per squre foot and 
are easily carried on a reinforced concrete thrust-ring. Such a dome of 150 ft. 
diameter is shown in Fig. 27.34. The method of construction is applicable for 
tanks of up to 500 ft. in diameter. 


CHAPTER TWENTY-EIGHT 


RESTRAINT IN PRESTRESSED CIRCULAR TANKS 


At the outset of any consideration of the prestressing of circular tanks there is a 
striking anomaly. Theory indicates that the primary requirement must be the 
provision of horizontal prestressed hoops to eliminate the hoop tension in the con- 
crete and that vertical prestressing is only of secondary importance. In practice 
any leakage that takes place in existing circular tanks constructed of normal rein- 
forced concrete (assuming that they are reasonably well designed, specified and 
built) always occurs at horizontal joints and never through vertical cracks or vertical 
construction joints. From this it would appear that vertical prestressing is more 
important than prestressed hooping. 

Some tanks have been constructed with a double system of inclined helical 
bars. This should greatly reduce the local temporary stresses during tensioning, 
but will not affect the general argument which follows and which is based on the 
use of horizontal and vertical reinforcement. 


Wall of Uniform Thickness with Slip Joint 


The simplest case is that of a wall of uniform thickness provided with an efficient 
frictionless sliding joint at the base (assuming that such a thing exists) and provided 
with hooping in horizontal planes. This case is shown in Fig. 28.1. AB is the 
original position of the wall before stressing and ab the designed position when 
the tank is full, the wall having moved inward an amount Aa such that it is in 
circumferential compression when the tank is full. Assuming that the amount of 
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circumferential prestress increases in proportion to the depth, the wall will move 
inwards to some position ad when the tank is empty. 

If the depth H is 20 ft., the radius R is 20 ft. and the wall thickness T is 6 in., 
the water pressure at the base of the wall is 1,250 lb. per sq. ft. and the net hoop 
tension is 1,250 X 20 or 25,000 lb. per foot of height of the wall. If the hoop 
compression in the concrete when the wall is in position ab is 100 lb. per sq. in., 
the hoop tension in the steel at the base of the wall is 25,000 plus (6 x 12 x 100) 
= 25,000 + 7,200 or 32,200 lb. per foot height of wall. If the reinforcement is 
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32,200 


_— 60,000 
or 0°537 sq. in. of steel per foot height of wall. If the base of the wall moves 


stressed to 60,000 Ib. per sq. in. under these conditions the area required is 


inward a distance bd when the tank is emptied, the concrete stress rises by = x E, 


bd 
and the steel stress falls by R x E,. Since the net hoop tension when the tank 


is empty is nil, 


(6 x 12) (x00 al RE) = 0°537 (60,000 —_ aE 


bd 
Ree (72 + 0537 m) = 25,000. 
If E, = 28,000,000 Ib. per sq. in., E, = 4,500,000 Ib. per sq. in., and m = 6-22, 
bd E, __ 25,000 
R 72 + 3°34 
Thus the max. compression in the concrete when the tank is empty is 100 + 332 


A 

1lO'-O" 

MOMENT 
W 
| 
0:6 W 

1O’-O" 

B 


Fig. 28.2. : Fig. 28.3. 
or 432 lb. per sq. in. at the foot of the wall and the tension in the steel at the foot 
’ of the wall when the tank is empty falls to 
60,000 — (332 X 6:22) = 60,000 — 2,060 = 57,940 |b. per sq. in., 

and this is the tension to which the hoop steel should be stressed. 

All these are primary figures and take no account of losses due to friction, 
locking-off or non-elastic strain. 
332 X (20 X 12) 

4,500,000 

If all the hoop prestressing could be applied simultaneously and the tank filled 
instantaneously no further problem would arise. Generally, however, the hoops 
are stressed singly and this causes bending in the wall. If the straight line AB 
in Fig. 28.2 represents the unstressed wall in Fig. 28.1 and a single hoop half-way 


== 332 Ib. per sq. in. 


20'-O" radius 


SHAPE 


The actual distance bd is = 00177 in. and Bd = 0-023 in. 
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up the wall is stressed with a tension equal to WR, this is equivalent to a load of 
W per foot run of the perimeter of the tank. 
Taking the origin at B, 


: yOPS 
Ee? = 2, where C, = — 


/ 


: 


| 


dx4 R?? 
ax Ox . 
giving y = E via sin vA + Bcos Zz +e ~¥2(csin 2 We + D cos “)] . (16) 
2 V 
where Oe gee Bae : 
REI /TR 
If T= 6 in. = 05 ft., and R — ve ft, 
os peel oo ae = 07588 
Vo-5 X 20 


This is the simplest symmetrical case, giving the shape shown in Fig. 28.2 and 
the moment shown in Fig. 28.3, the maximum inward movement being 167 W/E, 


A -A 


MOMENT 


SHAPE Bae 


Ww 
669 £ 


ae 
= 


B ) 
Fig. 28.4. 


ft. and the maximum moment being 0-6W lb.-ft. per foot run of perimeter, when 
W is expressed in pounds and E, in pounds per sq. ft. 

The next case to be considered is the application of a concentrated load of 
W lb. per foot run of perimeter to the base of the wall. The shape to which the 
wall deflects and the moments in the vertical ‘ staves’ of the wall under such a 
load are shown in Fig. 28.4. In Fig. 28.5 the moment caused by a concentrated 
load W (that is, a hoop stressed to WR) placed 2 ft. from the base of the wall is 
shown. The calculation is more complicated than the previous cases but it can 
be solved by treating the bottom 2 ft. and the top 18 ft. as separate parts. Four 
coefficients are obtained in equation (16) for each part, say A, B, C and D for the 
top 18-ft. portion, and A’, B’, C’ and D’ for the bottom 2-ft. part. The fact that 
the ends of the wall are free gives C = A, C’ = A’, D= B — 2A and D’ = B’— 2A’, 
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dy dy? dy 
= a ; and 2 ix at the point of application of the load are then 


expressed firstly in terms of A and B and then in terms of A’ and B’. 


The values of y, 


y (from below) = y (from above). = (from below) = -2 (from above). 
x 


4 (from below) = 42 
at 2’ (from elow) = a (from above). 
7 at rom below) 4 ETS 73 (from above) W. 


These four equations give A, B, A’ and B’. The effect of a single concentrated 
load per foot run of perimeter gives the effect of stressing one single hoop, but it will 


A 


MOMENT 


Fig. 28.5. 


probably also be necessary to know the maximum moment caused by hoop-stressing 
any given height of wall. This can be found by extending the results already 
obtained and may be done by calculating the effects of applying a single hoop at 
depths of 2 ft., 4 ft., 6 ft., etc., and adding together the effects of any group of curves. 

If hoops stressed to WR are applied to the tank in Fig. 28.1 at depths of 9g ft., 
1o ft. and 11 ft., and the moment diagram for each drawn (asin Fig. 28.6) these 
can be added together to give a combined moment as shown in the figure. The 
value of this is about 1:0 W. If the applied hoop tension per foot of height is 
(985 X 20) lb., then W = 985 lb. and M = 985 lb.-ft. per foot run of perimeter. 
985 X 12 X 6 


Poa + 164 Ib. per sq. in. (tension 


Bending stress (ignoring steel) = 
at water face). 

If two hoops stressed to WR are applied at depths of 18 ft. and 20 ft., the separate 
moment diagrams are as already drawn in Figs. 28.4 and 28.5 and these may be 
combined as in Fig. 28.7, giving a possible maximum moment of 0-6 W. If the 
applied hoop tension per foot of height is (1,610 x 20) lb., then W = 1,610 Ib, 
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and M = about 0-6 x 1,610 or about 1,000 lb.-ft. per foot run of perimeter (tension 
on outside face). If it is required to have a minimum compression of 100 |b. 
per sq. in. everywhere in the wall, a vertical compression of (164 -+- 100) lb. per sq. in. | 
must be applied, giving a maximum compression of (264 ++ 164) = 428 lb. per | 


A 


<Combined Moment 


B 
Fig 28.6. 


sq. in. Whether more points and different combinations of loading should be 
examined depends on the size and importance of the tank but worked-out results 
are always useful for future reference. 

If the system of hooping is such that no re-tensioning is possible, some thought 
should be given to the ratio between the tank diameter when each hoop is tensioned 


A 
Combined Moment 
0:5 W 
ee 
B 2 eae) 


Fig. 28 e7e 
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and the final diameter after all hoops are tensioned. If the hooping is tensioned 
progressively from the bottom the first hoop is applied when the wall is in position 
AB in Fig. 28.1 but as the hooping proceeds the point B moves to d. If W in Fig. 
28.4 is taken as the moment of unit loading produced by a 1-ft. height of hooping at 
(1,610 x 20) lb. tension, the inward movement is 


W _ 669 X 1,610 X 12 : 
660 —=—— = 6°02 1n. 
E 4,500,000 X 144 
This is nearly as much as the distance Bd, which is 0-023 in. If W in Fig. 28.2 is 
taken as 985 lb., the inward movement is 0:005 in. against a final inward movement 
of 0-014! in. 

The total loss of tension in a hoop when B moves to d in this example is 2,680 lb. 
per sq. in. or less than 5 per cent. of an initial stress of 60,000 Ib. per sq. in. This 
is probably much less than the errors that are likely to be made in assessing the value 
for m and estimating the amount of inelastic strain. In this example the inward 
movement of the wall has been calculated for a concentrated load due to single 
prestressing hoops at depths of 1o ft. and 20 ft. In an important case this can 
be extended to other points so that the shape of the wal! at all stages of construction 
can be calculated. The work involved may be reduced by using Maxwell’s Theorem. 


Uniform Wall Fully Restrained at Base 


As a simple example of the problems involved consider the tank in Fig. 28.1 
and imagine the bottom end of the wall fully-restrained both in position and direc- 
tion as shown in Fig. 28.8. In addition, assume that the same hoop steel supplied 
for the unrestrained tank wall in Fig. 28.1 is also supplied for the restrained wall in 
Fig. 28.8. This may not be the most economical arrangement but will give a 
quick first approximation to the maximum stresses and is in fact recommended in 


1 
Aa =n Sol 
H = 20-0" 
R R= 20'-O" 


Original position 


Final position 


wall 6” thick 
(empty) 


rac at base 
B 


Fig. 28.8. 


CP.2007:1960. The loading on the wall produced by the hoops when the tank 
is empty is sufficient to balance the water pressure and produce a compression of 
100 Ib. per sq. in. in the concrete, which last item is equivalent to a uniform external 


pressure of 360 Ib. per sq. ft. 
H/VTR = 20/V (0-5 X 20) = 6:33. 
The restraint moment and restraint shear for a tank of these proportions may 
be obtained at once from tabulated values. The restraint moment and shear due 
to a uniform pressure p may readily be calculated. 
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Total restraint moment 
= 0:255wHTR + o-29pTR 
= 0°255 X 62°5 X 20 X 0°5 X 20 = 3,190 lb.-ft. 
-+ 0:29 X 360 X 05 X 20 = 1,045 lb.-ft. 
4,235 lb.-ft. per foot run. 
The moment causes tension on the outside face of the wall. 
Total restraint shear = 0-112wH? + 0-128pH 
= O'112 X 62°5 X 207 = 2,800 lb. 
+0128 x 260 X 20 = 920 lb. 
3,720 lb. per foot run. 


Bending stress at base of wall (tank empty) 


= + 4,235 ae = + 707 lb. per sq. in. (tension on outside face). 
Pd OX 


The maximum reversed moment that occurs further up the wall is very nearly 
—o:06 X 62:5 X 20 X 05 X 20 = 750 Ib.-ft. 
—o-06 x 360 X 0°5 X 20 = 216 lb.-ft. 
= 966 lb.-ft. per foot run. 


Bending stress due to reversed moment 


- 4208 eo = + 161 lb. per sq. in. (tension on water face). 
12 


In order to maintain a minimum compression of 100 lb. per sq. in. in a vertical direc- 
tion a compression of 807 lb. per sq. in. must be applied down the outside face and 
261 lb. per sq. in. down the water face. A compressive force of 38,400 lb. per foot 
run of wall placed 2-49 in. from the outside face will produce this. This will give 
values of maximum compression of 968 lb. per sq. in. on the water face at the base 
of the wall and on the outside face about 3 ft. 6 in. above the floor. 

If the base of the wall is restrained in position ring compression cannot be pro- 
duced at the extreme bottom unless the diameter of the floor of the tank is reduced 
by prestressing. ‘This would reduce the restraint moment and shear in the same 
way as the stretching of the floor of a tank of normal reinforced concrete. 

If it is desired to examine the deflections and moments in the wall during the 
process of prestressing the moments and deflections caused by a single hoop placed 
at any height can be calculated by applying equation (16) firstly to the part above 
the hoop and then to the part below. When dealing with the part below the hoop 


the end conditions are y = 0 when x = o and z = 0 when x = 0, giving D = — B 
x 


and C = — A — 2B for this part of the wall. 


Uniform Wall Hinged at Base 


Reference is made in CP.2007:1960 to what is vaguely described as a ‘ pinned 
foot’. The writer has no clear idea of what this means. The case of a wall com- 
pletely free to slide at the bottom has already been discussed as has that of a wall 
fixed in position and direction. Now the case where the foot of the wall is fixed 
in position but not in direction, as shown in Fig. 28.9, will be considered. 
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The effect of the hooping sufficient to contain the water pressure may be found 
by the method used for the same problem with tanks of normal reinforced concrete. 
The moments in the lower part of the wall of this tank, which has the ratio 


H/V TR = 6-33, are shown in Figs. 28.10 and 28.11. The effect of hooping to 


Aa Z i @y /4\ 


R=20'-0" 


Original position 


Final position —> 


f 
(empty) 


wall 6” thick 


er hinged at base 


Fig. 28.9. 


contain the water pressure is shown in Fig. 28.10 and in Fig. 28.11 the effect is 
shown of the provision of additional hooping to exert an external pressure p equal 
to 360 Ib. per sq. ft. to produce a residual hoop compression of 100 Ib. per sq. in. 
when the tank is full. The values in Fig. 28.11 are arrived at as follows: 


R=20 ft. H=20 ft. Tos ft. 


Ca eee 
dxt EI RY 
p [e"*( Sa ox it Pe Ce 
y = —— + | eV2 Asin —. + B cos——}) + ce Y* Csin — + Dcos——] ], 
atET V2 V2 V2 v2 


where « = 1:86/V TR = 1°86/V0-5 X 20 = 0'588. 


A 


A 
O-IwHTR 
Equivalent p 
O-lpTR Ib. per sq. ft. 
Moment— Moment ae 
B B 


Fig. 28.10. Fig. 28.11. 
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Taking the origin for x at the top of the wall, 


<< 
it a when x =o and Oe when! * = 0; 
dx? axe 
giving C — A and = 2 — oA. 
also y =o when « = H=20 ft.. : : : (f) 
2 
aD. -. 9 whents = ie ane : : ; (g) 
dx? 
When x = 20 ft., “= abel 8-32 radians. 
V2 1-414 
e832 — 4,105:2. e832 = 0000244. sin 8-32 = + 0°8935. cos 8-32 = — 04491. 
e832 sin 8-32 = + 3,666. e832 sin 8-32 = + 0-000218. 
e832 cos 8-32 = — 1,844. €—*-*4 cos 8-32 — — 0-000110, 


The value of e-8-32 is so small that the coefficients for C and D disappear from slide- — 
rule calculations in equations (f) and (g). 


Equation (f) becomes o = + [3,6664 —1,844B] . . . (Ff) 
and equation (g) becomes 0 = — 1,844A — 3,666B ee ; ; (g) 
giving 1,000 A = — 0°2175 ar and 1,000 B = + 0°1095 mio 

d*y dy, 
By assuming values of x of 2 ft., 4 ft., 6 ft., etc., any values of 9, Fat and Tas that 


are required to obtain the shape, moment or shearing force at any point may be — 
obtained. 


For the tank in Mg. 28.9 the maximum moment in the wall when the tank is 
empty (from Figs. 28.10 and 28.11) is (0:0927wHTR) +- (0:0927pTR) 
= 0°0927 X 62:5 XK 20 X 0°5 X 20 = 1,160 
+ 0:0927 X 360 X05 X 20 = 334 
1,494 lb.-ft. per foot run, 


(tension on water face). 


In Paragraph 318 in CP.2007:1960, it is stated that ‘ when the foot of the wall 
is free to slide a longitudinal moment should be assumed on the basis of a restraint 
equal to one-half of that provided by a pinned foot’. 

This apparently means that when the foot of the wall is provided with a sliding 
joint of asphalt together with a metal or plastic water-bar, the vertical ‘ staves ’ 
of the wall should be designed for a moment equal to one-half the moment in a 
wall where the foot is restrained in position but not in direction; in this particular 
tank, one-half of 1,494 lb.-ft. per foot run of perimeter. 

In a large tank it may be necessary to calculate the deflection of and the moments 
in the wall when only part of the hooping is prestressed. The method of calculating 


the effect of a single hoop (given earlier in connection with a wall free to slide at 
the base) can again be followed. 


Stability of a Thin Circular Wall 


A thin circular ring subjected to an external pressure p becomes unstable when 


fp = 3EI/R*. If E = 4,500,000 xX 144 Ib. per sq. ft., J = js x 1 x T3 ft4 per foot 


- 
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height of wall, p = pressure per square foot in pounds, and R = radius in feet, 


‘ 3 a ao 
eee SO pe Rx a/ Pa 


R38 12 162,000,000 
If R = 20 ft. and p = 1,250 lb. per sq. ft., 
T= 20 x 2/ 1225° _ — 9-906 ft. = 4°75 in. 
Ss 162,000,000 0°39 4°75 ne 


liek = 2078, and p — 625 Ib. per sq. ft. then T = 3-75 in. 

Thus if a circular concrete wall 20 ft. radius and 20 ft. high sitting on a friction- 
less sliding joint and varying in thickness from 4°75 in. at the bottom, to 3°75 in. at 
halfway up, to nothing at the extreme top is constructed, and is subjected to external 
water pressure it will be just on the point of collapsing inwards. This assumes 
that the concrete is perfectly uniform and the wall perfectly circular on plan. 
Allowing a design factor of 2 to cover variations in construction and assuming a 
factor of safety of 2, the wall thickness would need to be increased in the ratio of 


V2 X 2; that is, an increase of 59 per cent. 

Although the addition of prestressed hoops has the same primary effect as 
applying external water pressure, the secondary effects are quite different. The 
intensity of water pressure is unaffected by the shape of the tank, whereas the 
intensity of pressure exerted by a tensioned hoop varies inversely as the radius of 
curvature. If the wall is slightly oval, water pressure will tend to make it more 
so, while a tensioned hoop will tend to pull it circular but will, of course, produce 
bending moments in the wall in so doing. If the wall is 6 in. in thickness and 
if it is so far out of circular that the position of the centre of compression at any 
point is 1 in. out from the centre of the wall the intensity of ring compression will 
be doubled. ‘The same kind of effect is produced if the compaction of the concrete 
varies from the inside to the outside face of the wall. From this it appears that 
the shuttering must be very accurately made, erected and maintained in position 
and it is unwise to use a mix of concrete which is difficult to consolidate. 


Construction and Useful Life of Prestressed Tanks 


At the present time (1967) most, if not all, prestressed work is built on some 
proprietary system or by the use of proprietary apparatus. The stress losses due 
to friction, locking-off and inelastic strain depend on the system and the type of 
reinforcement used. 

The earliest form of prestressed circular tank had mild steel bars with upset 
threaded ends joined by turnbuckles placed round the outside of the wall, and was 
a direct extension of the technique of making large wooden vats. ‘This technique 
is still largely employed, the hoops (now of high-tensile steel) being protected by 
a layer of gunite. If this gunite is applied when the tank is empty the subsequent 
stretching of the wall will place it in tension. This suggests the use of lightweight 
ageregate with a low elastic modulus, so that the gunite can stretch without cracking, 
with a good tack coat between the wall and the gunite. 

A serious question must now be considered—the deterioration of prestressed 
concrete tanks. In this respect a reference back to the early structures of normal 
reinforced concrete is illuminating. The concrete cover shown on the drawings 


for watertight or marine work was sometimes as little as } in. and, since effective 
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spacers were not commonly used, the actual cover was often less—sometimes only 
a coat of cement wash. In these early days the use of overwet or overlean concrete 
mixes sometimes produced porous concrete that made matters worse. Enthu- 
siastic pioneers placed the effective life of these early structures at more than a 
hundred years, and when many of them showed ominous rust marks, and ‘ blows ’ 
before they were twenty years old the enthusiasts continued to argue ferociously 
against the facts. Since human nature does not change, history repeats itself. 
Is not, in fact, our present attitude to prestressed work based more on enthusiastic 
optimism than on a cold appraisal of the facts? 

It is difficult to avoid occasional air locks in pipes carrying water and more 
difficult, if not impossible, to avoid air pockets in ducts containing cables and 
grounted with cement or some bituminous liquid. Ifa harsh dry mix that gives 
very high test-cube strengths is used, it is very difficult to eliminate honeycoming 
along the underside of bars or ducts and this honeycoming could form internal 
channels to lead the water to the steel. It is much easier to consolidate concrete 
around vertical or near-vertical bars or ducts than around horizontal ones. Whether 
it is better to place the bars or cables in ducts where they could deteriorate to the 
point of failure without warning or to place them externally where serious rusting 
would show and where they could be exposed and inspected is a question that the 
designer must decide after careful consideration of site conditions. 

In April 1961 a 10-years’ old prestressed tank in New York collapsed without 
warning. Whether this is an isolated case or the precursor of more failures time 
alone will show. ‘The reader is advised to study the reports of the incident. 


Prestressed Tanks at Very Low Temperatures 


The suitability of prestressed tanks for storing very cold liquids, such as liquid 
methane, depends on providing a concrete that is impervious to the type of liquid- 
to-gas leakage that occurs through concrete walls and on using a type of steel that 
can withstand repeated cycles of stress at very low temperatures. 

If the prestressed tank is merely an outer container to hold a fully insulated 
impervious inner container, these problems do not arise. 
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REPAIRS 


Repairs to reinforced concrete are always expensive and often unsatisfactory. It 
should be borne in mind that money spent on endeavouring to reduce leakage to 
a very small amount by the application of rendering or other protective coating 
may exceed the capitalized value of the escaping water. 

When a reinforced concrete structure deteriorates the design and specification 
should be examined as well as the structure itself. Undetected mathematical 
errors in design are rare. If the design is at fault it is usually because of a funda- 
mental error such as over-estimation of the safe bearing capacity of the ground or 
of the minimum lateral pressure exerted by the ground. Mistakes in detailing (for 
example, overcrowding of bars and high local bond stresses) are more frequent. 
Mistakes in specification are also much too frequent; these include failure to pre- 
pare a proper concreting programme, failure to specify positive methods for keeping 
reinforcement in position, failure to insist on proper curing and protection of the 
concrete, and the use of unsuitable water-cement ratios or gradings of aggregates. 
The bill of quantities may also be at fault. Unusual items in the specification 
should also appear in the bill of quantities as separate units to be priced. 

Shortcomings in construction are usually obvious; they may include poor 
workmanship at joints, inadequate cover, and poor consolidation of the concrete. 
Local cracks or leaks can also be caused by accidents such as the striking of up- 
standing splice-bars in newly-set concrete by mechanical plant. It is therefore 
necessary to decide whether a defect is the result of an isolated accident (such as 
a local patch of bad workmanship) or whether it is due to a more fundamental error 
and is likely to occur at all similar points: For example, the reinforcement in 
one counterfort may be found to be rusting and spalling off the concrete; an exami- 
nation of the details may show the reinforcement at this position to be so crowded 
that the concrete could not properly be compacted, the consequent honeycoming 
allowing the water to penetrate to the reinforcement. If all the counterforts were 
built in the same way it would be highly probable that similar trouble would develop 
in all of them, and widespread remedial measures would be necessary instead of 
an isolated repair. 

Most tanks and reservoirs are tested by means of water pressure, and in many 
cases no back-filling is allowed until the test has been satisfactorily concluded. The 
allowable leakage from a reservoir during a test is often required to be not more 
than } in. in a definite period, usually between the seventh and fourteenth day 
after first filling with water. 

Seepage will often stop quickly if the water contains finely-divided matter in 
suspension, or as the result of chemical action between the concrete and dissolved 
carbon dioxide. In some cases, also, sealing is due to hydration of unset cement. 

If visible leaks develop in the walls they can be marked and recorded, but if 
no such leaks are seen and yet the water-level drops more than the allowable amount 
then the floor is probably not watertight, and the points or planes of leakage must 


be guessed. 
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Cracks in Walls of Reservoirs above Ground 


The most common cause of leakage is the opening of construction joints, | 
generally the horizontal joints and in particular the lowest horizontal joint. Usually — 


the reservoir can be emptied and the repairs effected on the inside (pressure) face. 
Leaky joints should be cut out to a depth of 1 in. or rf in.; this is best done by 


means of a power-driven carborundum saw which can be used to produce a square © 


or even slightly undercut groove (Fig. 29.1). The saw blades are rapidly worn 


away, but the cutting of a V-shaped groove by hand is expensive and rarely suc- 


cessful. The groove is coated with mastic or bitumen and then filled with cement 


mortar or synthetic resin. . 

Another and simpler method is to clean and dry the surface of the wall for a 
width of about 6 in. on each side of the crack and apply a thin layer of bitumen 
about g in. wide. On this is laid a continuous strip of aluminium foil about 6 in. 


Mastic or Bitumen. 


Sand and 
=| cement Morlar 


about /4" 


Fig. 29.1. 


wide, which in turn is covered with another layer of bitumen. This method can | 


also be used as an extra safeguard to cover the repair shown in Fig. 29.1. 

If the emptying of the reservoir is not permitted, minor repairs may be attempted 
on the outside face against the pressure, but the task is more difficult. If the weep- 
ing is only slight the method shown in Fig. 29.1 may be tried, but quick-setting 
cement must be used. A method which is permissible for small repairs of this 
nature is to mix small quantities of Portland cement and high-alumina cement, 
wet the resulting mixture quickly, apply it immediately, and hold a board against 
the surface for a few minutes until the mixture has set hard. There are now on 
the market synthetic polymers which, when mixed together, harden almost imme- 
diately. These may be used when there is a sizable opening into which they can 
be forced. 

If these measures fail then the reservoir must be emptied. 


Cracks in Walls of Underground Tanks 


Leakage of water from the subsoil into an empty or partly-empty tank is most 
easily dealt with by excavating outside the walls and reducing the level of the 
ground water by pumping; failing this, grouting-tubes may be driven outside the 
tank and cement grout (or other consolidating fluids) pumped into the ground to 
form an outside repair, care being taken not to develop sufficient pressure to 
break the tank. The insides of the cracks may then be made good as shown in 
Fig. 29.1. 

If grouting-tubes cannot be driven outside the tank, holes may be drilled 
through the walls along the lines of the cracks and the grouting-tubes passed 
through them. This work is now normally done by specialist firms. 

If the walls are not considered to be sufficiently strong to withstand grouting, 
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holes may be drilled through them near the cracks. Pipes of about 2 in. diameter 
are set in these holes, caulked with tarred hemp and lead-wool, and firmly fixed 
in quick-setting mortar. This localizes the flow, relieves the pressure on the wall, 
and makes it possible to repair the cracks from the inside. The pipes should then 
be sealed with screw-caps or plugs. Alternatively the ground-water level could 
be lowered by sinking well-points outside the walls. 


Repairs to Floors 


On a reasonably dry and firm site where only a thin floor is provided it may be 
known that water is leaking through the floor, although the positions of the leaks 
may not be apparent. If an examination of the design and specification indicates 
that porosity or honeycombing is very unlikely, then the construction joints may 
be treated by one of the methods described for the walls. If this does not reduce 
leakage to a negligible amount the whole floor may have to be lined. If the floor 
can be thoroughly dried it may be cleaned and lined with asphalt. Otherwise the 
surface could be hacked and covered with a granolithic rendering 2 in. thick rein- 
forced with steel mesh, or given a coating of gunite. 

At a wet site, where there is permanent water-pressure under the floor, water 
may enter from below when the reservoir is empty. With the type of thick floor 
needed in such conditions this leakage will occur only through the joints. These 
may be sealed by drilling holes and passing grouting-tubes to the underside. If 
grouting is not possible, pressure-relieving pipes may be fixed as previously described 
and repairs attempted from the top using the method shown in fg. 29.1. If local 
repairs fail it may be necessary to place another thick floor over the first, which 
greatly increases the cost and may seriously reduce the capacity. 


General Repairs to Walls 


In modern construction, using 1:14:3 concrete and rounded aggregate of 
reasonably good quality, the only possible source of porosity is honeycombing due 
to the use of concrete with a low water content or to the overcrowding of the 
reinforcement. If an examination of the design and specification indicates that 
such conditions are likely throughout the walls, the local repair of the first damp 
patches would probably be of little use and a complete waterproof covering would 
be required. In an old reservoir, in which the reinforcement is too close to the 
surface and has commenced to rust, causing spalling, the damage is probably much 
more extensive than is at first apparent and extensive cutting-away and renewal 
is usually necessary. If the cutting-away is so severe as seriously to reduce the 
strength, the use of gunite should be considered. A minimum thickness of 14 in., 
reinforced with steel mesh, should be specified, the mesh being plugged into the 
old work. 

In new work where no deterioration has developed but where porosity is 
apparent or suspected, a layer of aerated mortar § in. in thickness may be sprayed 
on. This is usually preceded by a tack coat of an organic polymer such as poly- 
vinyl acetate. Synthetic resins are also being developed for protective coatings. 
Stabilized bitumen, sometimes reinforced with a scrim of glass fibre, has been 
used as a waterproof covering for reinforced concrete buildings, but its continued 
adhesion to concrete in submerged work is doubtful. 

A reservoir of 12,000,000 gallons capacity in County Durham which was severely 
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damaged as a result of mining subsidence has been lined throughout with high- 
grade rubber } in. thick; so far this has been successful, but it has not yet been 
subjected to severe movement of the ground. 


Repairs to Roof 


Deep narrow beams overcrowded with reinforcement are very soon attacked 
in a wet atmosphere and their repair usually entails extensive cutting away and 
building up with gunite. Cracks in the roof slab, although not subjected to water 
pressure, may open and close with changes in the temperature of the air. The 
filling of such cracks when they are at their widest may cause other cracks to develop, 
and possibly the best treatment is to cover them with strips of aluminium foil set 
in bitumen. 


APPENDIX ONE 


SOME NOTES ON 
BRITISH STANDARD CODE OF PRACTICE 
CP. 2007:1960 


THE DESIGN AND CONSTRUCTION OF REINFORCED AND PRESTRESSED CONCRETE STRUCTURES 
FOR THE STORAGE OF WATER AND OTHER AQUEOUS LIQUIDS 


To understand the position better regarding the recommendations contained in CP.2007: 1960 
the reader is advised to look back on the unhappy history of official regulations in this 
country. By 1913 many large reinforced concrete structures had already been built. At 
that time the only document that could be said to have any official status was the Second 
Report published by the Royal Institute of British Architects in 1911. It should be par- 
ticularly noted that this document was not published by the reinforced concrete industry 
nor even by the Concrete Institute or the Institution of Civil Engineers, but was sponsored 
by a body essentially architectural. This was, of course, a most unhappy start and all 
branches of the industry were to blame for failing actively to co-operate in producing some- 
thing sound and practical. In 1915 the London County Council published mandatory 
Regulations. These were greeted with dismay and derision by the firms who specialized in 
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design and construction. The reader will be surprised to learn that (according to these 
Regulations) the column shown in Fig. A1.1 will collapse under its own weight. 

Modern codes of practice really stem from the Report of 1933 issued by the Department 
of Scientific and Industrial Research. Here again is a document not published by the 
specialist firms who introduced and developed reinforced concrete in this country and not 
published by the Institution of Civil Engineers but sponsored by a Department engaged 
largely on small-scale laboratory research. Again many specialist firms were to blame. 
When asked to complete and return questionnaires, they did not see why they should divulge 
information which they had acquired through years of hard experience. ‘Those who were 
most niggardly in supplying information were the first to complain that the new codes of 
practice were unpractical. And so the unfortunate discord continues. Engineers who have 
learned their design the hard way with competitive design-and-contract firms consider the 
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restrictions on the permissible tensile stresses in bending in CP.2007:1960 unnecessarily 
severe. But to do nothing beforehand and then to complain bitterly afterwards is little help 
towards a satisfactory solution. 

It is amusing to note that a foundation slab under a building standing on waterlogged 
ballast may, according to CP.114: 1957, be reinforced with steel stressed to 30,000 or even 
33,000 lb. per sq. in. Under similar circumstances CP.2007:1960 would limit the stress 
to 12,000 Ib. per sq. in.—a mere discrepancy of 175 per cent. 


Code Recommendations 
Concrete 


For all members thinner than 18 in., the Code recommends a concrete comprising 
112 lb. of cement to2 cu. ft. of sand to 4 cu. ft. of coarse aggregate, that isanominal 1 : 1:6 : 3-2 
mix. For thicker members, the mix recommended is 112 lb. to 24 cu. ft. to 5 cu. ft. or a 
nominal 1: 2:4 mix, 


Members in Tension Only 


For members subjected to direct tension (such as the wall of a circular tank without bottom 
restraint), the Code recommends that (1) there should be sufficient reinforcement to resist 
all the tension at a stress of not more than 12,000 lb. per sq. in.; and (2) assuming that the 
concrete is uncracked, the modular ratio is 15, and concrete and reinforcement act together, 
the calculated tensile stress in the concrete should not exceed 190 Ib. per sq. in. for a 
1: 1-6 : 3-2 mix or 175 fora 1:2:4 mix. Presumably a tensile stress of 200 lb. per sq. in. 
would be allowed in the more common 1: 14:3 mix. 

From condition (1), if T lb. is the total tension in a strip of wall 1 ft. wide, the area of rein- 


forcement Ag; required is 72.000 80° i Per foot. From condition (2), the thickness d (i>.) of the 


> 


wall should be such that 12dp,; + (15 — 1)Asthcz should be not lessthan T. If Ag = pane 
12,000 
and fo¢ = 175 Ib. (for 1: 2:4 mix) 190 lb. (for 1 : 1-6 : 3-2 mix), or 200 Ib. (for 1: 14:3 


18 
: or 
2,500 2,930 3,130 
inches. Many existing tanks are designed for tensile stresses of from 13,500 lb. to 16,000 Ib. 


mix) per sq. in., d = respectively, in which T is in pounds and d is in 


per sq. in. in the reinforcement and a wall thickness of , which is much less than the 


> 


thickness required if the limiting tensile stress in the concrete, as recommended in the Code, 
is adopted. 


Members Subject to Bending Only: Tension at Face in Contact with Liquid 


The Code recommends the two following requirements: (1) For 1: 1-6: 3:2 concrete, 
a compressive stress of 1,200 lb. per sq. in. in the concrete and a tensile stress of 12,000 Ib. 
per sq. in. in the reinforcement should not be exceeded. The tensile strength of the concrete 
is ignored in this calculation. The modular ratio is assumed to be 15. The curves marked 
‘Strength’ in Figs. A1.2 to A1.4 indicate the bending resistance of rectangular sections 
reinforced in tension only or in tension and compression for three positions of the reinforce- 
ment. Fig. A1.2 usually applies to slabs about 5 in. thick, Fig. A1.3 to slabs about g in. 
thick, and Fig. A1.4 to slabs about 20 in. thick. (2) In addition to the foregoing, assuming 
that the concrete is uncracked and acts in unison with the steel and that m = 15, the tensile 
stress in the concrete should not exceed the safe tensile stress fz in bending. This provision 
is intended to ensure the absence of cracks. The bending strength of rectangular sections 
with pez equal to 270 Ib. per sq. in. are shown by the curves marked ‘ Crack’ in Figs. Al.2 
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to A1.4. Except when the percentage of reinforcement is very small, these curves are much 
below those marked ‘Strength’. If any other safe tensile stress is specified, the moment 
of resistance factor with any given percentage of reinforcement is obtained by multiplying 
the factor on the diagrams by = The Code recommends values of f,; of 270 lb. per sq. 
in. for 1: 1-6 : 3-2 concrete and 245 |b. per sq. in. for 1: 2:4 concrete. Presumably 300 lb. 
per sq. in. would be allowed for 1 : 14:3 concrete. 

For a rectangular section with reinforcement in tension only, with working stresses of 
1,200 lb. per sq. in. in the concrete and 12,000 lb. per sq. in. in the reinforcement (with 
m = 15), M/bd,* = 288, and the reinforcement required is 3 per cent. of the area bd,. Because 
the second recommendation is based on the overall depth d, whereas the first is based on the 
effective depth d,, the ratio d,/d is important. The bending strengths in Figs. A1.2 to A1.4 
are therefore shown in terms of bd? and the percentage of reinforcement in terms of bd. In 
Fig. A1.4, for example, d, = o-9d and if the area of tension reinforcement is 3 per cent. of 
bd, (that is 2-7 per cent. of bd) and A,; = 0, then M/bd? = 233, corresponding to M/bd,?= 
288. For the same section, the value of M/bd? given by the curve marked ‘ Crack’ is 
about 92, which is only about 40 per cent. of that given by the curve marked ‘ Strength’. 
It follows, therefore, that design for ‘no cracking’ determines the thickness of the slab, and 
design for ‘ bending strength ’ determines the amount of reinforcement. 

In the upper parts of Fig. A1.2 to A1.4, the whole range of percentages of reinforcement 
up to 4 per cent. is shown, but only those values between 0-5 and 1:o per cent. are generally 
of practical interest. ‘This range is shown to a larger scale in the lower parts of Figs. A1.2 
to Al.4. 

Division Wall.—A division wall in a tank is subjected to a resultant pressure on either 
face if the head of water on one side differs from that on the other, or if one part of the tank 
is empty when the other is full or partially full. Reinforcement must therefore be provided 
on both faces. 

ExampLe.—A division wall in a tank is to be designed as a cantilevered slab to resist 
a head of 15 ft. of water acting on either side. 

The bending moment at the base is 

M =% x 62:5 xX 15? = 35,000 ft.-lb. = 422,000 in.-lb. per foot. 
Assume d,/d to be o-9. The curves marked ‘ Strength Asp = As’ and ‘ Crack As, = As’ 
in Fig. A1.4 intersect at M/bd? = 60, and the amount of reinforcement required at both 
faces of the wall is 0-62 per cent. The least permissible overall depth to prevent cracking 


422,000 


is given by d = pee 
60 X 12 


= 24:2 in., say 244 in. overall. 


0-62 ; : ; 
Ase = Ast = 0°62 per cent. = —— x12 X 24:2 = 1°8 sq. in. per foot. Provide 1-in. 
100 


diam. bars at 5-in. centres (1:88 sq. in.) near each face. If the cover of concrete is 14 in., 
d, = 22:5 in. = 0-g2d; if the cover is 2 in., d, = 22 in. = o-gd. Both values are sufficiently 
close to the assumed value of o-gd. 

The observance of the ‘ no-cracking ’ rule leads to a much thicker wall than is required 
for strength alone, but this does not mean that such a design is uneconomical. In the example 
given, with stresses of 1,200 lb. per sq. in. in the concrete and 12,000 Ib. per sq. in. in the 
reinforcement, sufficient strength could be obtained with a wall 13 in. thick reinforced with 
1-in. diam. bars at 23-in. centres near both faces. Assuming that the wall tapers uniformly 
to a thickness of 7 in. at the top, the average thickness would be reduced from 15% in. to 
10 in. This would mean a saving of 36 per cent. of the concrete (0-27 cu. yd. per foot of 
wall) but an increase of about 100 per cent. in the main reinforcement (say 1-2 cwt. per foot 
of wall); thus the former design is likely to be the more economical. 


Lined Tanks 


The foregoing considerations apply to unlined tanks. If a reliable flexible lining, 
capable of stretching and bridging a crack about o-oo! in. wide, is provided, a compressive 
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stress of 1,200 lb. per sq. in. in the concrete and a tensile stress of 18,000 Ib. per sq. in. in 
the reinforcement could be adopted without reference to the tensile stress in concrete. If d, 
1s 0-9, the curves in Fig. A1.5 could be used throughout the design. 


Members Subjected to Bending Only: Tension at Face Remote from Liquid 


Staps NOT THICKER THAN 9 IN.—The Code recommends that such slabs should be 
designed in the same way as slabs with tension at the face in contact with the liquid; there- 
fore the foregoing rules and Figs. A1.2 to A1.4 apply. 
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Siass THICKER THAN g IN. AND Rips oF BeAms.—In these circumstances no limit is 
placed on the tensile stress in the concrete, and it is suggested that the tensile stress in the 
reinforcement be 18,000 lb. per sq. in. With reinforcement in tension only and stresses 
of 1,200 lb. per sq. in. in the concrete and 18,000 Ib. per sq. in. in the reinforcement, 
M = 250bd,2, the reinforcement being 1-67 per cent. of the area bd,. Values of M/bd,?*, 
corresponding to stresses not exceeding 1,200 lb. or 18,000 Ib. per sq. in., are shown in 
Fig. At.5 for d,/d = 0-9. These values may be compared with those in Fig. A1.4 bearing 
in mind that this chart is based on the overall depth d while Fig. At.5 is based on the effective 
depth d,. 

Consider a member reinforced in tension only, the area of reinforcement being 1-5 per 
cent. of the gross area bd, that is 1-67 per cent. of the effective area bd. For the stresses in 
Fig. A1.4, M/bd? = 135. For the stresses in Fig. A1.5, M/bd,? = 250 or M/bd? = 203, 
which is 50 per cent. more than the value obtained from Fig. A1.4. 

AA*® 
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If the member has equal reinforcement in tension and compression, say Jon = Bley SS & 
per cent. of the gross area bd (or 2-22 per cent. of bd,), it is seen from Fig. At.4 that 
M/bd? = 189, but from Fig. Ar.5 that M/bd,? = 352 or M/bd? = 284; this again is about 
50 per cent. more than the value obtained from Fig. A1.4. In each case the difference is 
due to the increase of the permissible stress in the reinforcement from 12,000 to 18,000 lb. 
per sq. in. 

If the tension reinforcement is 2-7 per cent. of the gross area bd or 3 per cent. of the effec- 
tive area bd,, and there is no compression reinforcement, then from Fig. A1.4, Wig = 233, 
and from Fig. A1.5, M/bd,? = 288 or M/bd* = 233. These values are the same, since 
the resistance of the member is now limited by the compressive strength of the concrete. 
If, however, compression steel is provided such that As, = Asy = 2'7 per cent. of bd, that 
is 3 per cent. of bd,, M/bd? in Fig. A1.4 is 253, and M/bd,? in Fig. A1.5 is 472 or M/d? = 382, 
which is an increase of 50 per cent. 


Comments on the Code 


Early tanks and reservoirs in reinforced concrete were mostly designed for stresses of 
600 and 16,000 lb. per sq. in., with concrete covers of $ in. in slabs and 1 in. over the main 
bars in beams and columns. Many of these tanks developed troublesome leaks and much 
rusting of reinforcement took place. To counteract this, provisions were included in practice — 
that the calculated tension in the wall of a circular tank should not exeed 200 Ib. per sq. in. 
in the concrete and 13,500 Ib. per sq. in. in the steel. At the same time the cover to the 
reinforcement was increased to 1 in. in slabs and 14 in. over the main bars in beams and 
columns. With these provisions tanks designed and built by competent engineers were 
inherently sound but some of those designed by the less competent still developed troublesome 
cracks and rusting of the reinforcement still occurred. The object of producing the Code 
was to remedy these defects, but it is not possible to find a sound remedy unless the causes 
of the trouble are known and understood. 

Cracking.—Cracking of concrete may be due to faulty design, faulty specification, faulty 
construction, hot liquids, or accidents. These causes are examined in the following. Com- 
ments on working stresses are given in Appendix II. 

Fautty Desicn.—Faults in design are generally due to failure to understand the limita- 
tions of the fundamental assumptions, and failure to grasp the fact that concrete and steel 
must act in unison. It is essential that the student should begin his theory of structures by 
assuming an ideal elastic material free of all internal accidental stresses and a structure 
where the members rest on frictionless and incompressible supports. Few structures stand 
on solid rock and all other foundations compress or settle to some extent, and to some extent 
unevenly, causing the structure to distort slightly. The stresses caused by this, added to 
other stresses, may cause slight cracking. Although stresses due to shrinkage of the concrete 
and changes of temperature may be reduced by good design and specification and sound 
construction, they are present in all structures. Broad shallow beams may look effective, 
but if their depth is little more than that of the slabs they ‘ support ’, their deflections may be 
sufficient completely to upset the calculated bending moments in the slabs. Stopping or 
overlapping of bars in tension areas always causes local stresses which again are additive 
to the calculated stress; this was the sole cause of serious cracking in a small water tower 
in which the bars were stopped exactly in accordance with the calculated bending moments, 
shearing forces and main tensile forces. 

The writer’s criticism of the outlook provided by the Ccde on design is that it makes over- 
provision for those sections where the calculated moments are a maximum and quite insuf- 
ficient provision for all sections which may be heavily stressed due to other causes. For small 
tanks, long bars running right across and hooked at both ends are the best provision against 
cracking. If this is done, irrespective of where the bars should theoretically be stopped, 
stresses of 16,000 Ib. per sq. in. in bending and 13,500 lb. per sq. in. in direct tension are 
permissible. 


FauLry Specirication.—To be effective the Specification must lay down the sequence 
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of concreting and the maximum intervals between concreting various sections of the work, 
for example: columns, floor beams, floor slabs, and walls. Cracking in a long battery of 
gas-purifier boxes resulted entirely from disregard of this requirement; the boxes were sup- 
ported on high columns which could flex sufficiently to take up shrinkage movement in the 
long heavy floor slab, but instead of starting from one end and completing each box in turn, 
the entire long bottom slab was constructed before starting on the walls of the first box; 
the floor had therefore already experienced an appreciable proportion of its shrinkage, while 
the walls still had all their shrinkage to come; the difference inevitably caused a series of fine 
vertical cracks in the walls. Severe and unnecessary restriction of calculated stresses to 
resist applied loading is useless if unrestricted stresses due to relative shrinkage are allowed 
to occur. This point is not properly emphasized in the Code. 

Wheeled containers of concrete are sometimes run over reinforcement that is already 
fixed, and bars are bent aside if they are in the way of plant or restrict access. These and 
other malpractices should be forbidden by the Specification for all types of structure but 
their avoidance is more important in watertight work. A note to this effect should be 
included in the Code. 

Many cracks in existing tanks have been caused by stripping timber shutters from walls 
early on a cold morning, the concrete having been cast the day before and being still warm 
but not strong enough to stand the sudden chilling. This practice should be forbidden, and 
the Code should say so. 

FauLty Construction.—Failure of the contractor to comply with the Specification is 
dangerous on all work and needs no comment. To what extent the designing engineer 
should supervise the design of the shuttering and other falsework is a matter of opinion, 
The writer would not hesitate to design and detail the shuttering and scaffolding if need 
be, but few engineers would go so far. No opinion (perhaps wisely) is expressed on this 
point in the Code. 

Hor Ligums.—Cracks in tanks holding warm liquids may be greatly reduced by choosing 
a suitable shape and type. A circular tank with thin walls is much less vulnerable than a 
square tank with thicker walls. A strong cold wind eddying around the corners of a square 
tank will chill the corners to many degrees below the middle parts of the sides and the result 
can be visible horizontal cracks in the corners. This and similar matters are ignored in the 
Code. 

AccIpENT.—This cause is included to complete the list of possibilities, since no Code 
can deal with the unexpected. An example of what may happen is the following. A 
watertight basement in water-bearing ballast was perfect except at one spot where water 
came up alongside a splice bar set in the bottom slab. The most likely cause was that 
something, perhaps a crane skip, must have hit the upstanding bar just after the concrete 
had taken its initial set and thereby left a passage for the ingress of the water. 

Cover to Reinforcement.—The Code makes the same fundamental mistake as B.S. 
Code of Practice CP.114 in confusing nominal cover with actual cover. 

In Fig. At.6a is shown diagrammatically what happens when a light skeleton of column 
reinforcement has 1-in. nominal cover and Fig. A1.66 illustrates what happens when it has 
2-in. nominal cover, no proper spacers being provided in either case. The rusting of steel 
in such a column follows a uniform pattern. The surface is usually given a coat of cement 
wash soon after the shuttering is removed and nothing happens during the first winter. The 
contractor is therefore exonerated since the period of maintenance may be six or twelve 
months. After two or three winters small brown patches appear; these are rust marks caused 
by the ends of the binding wire which actually touched the shuttering. Another winter 
or two sees these marks developing into circular blown-off patches which reveal the column 
links. The trouble spreads into long horizontal ‘ blows’ which eventually reach the main 
bars and develop into major vertical ‘ blows’ which remove the corners of the column. If 
the designer fails to specify and include proper bar spacers in the Bills of Quantitics and if 
no one cares what happens to the spare ends of the binding wire, large nominal covers are 


useless. 
Repairs are always difficult, always expensive and always unsatisfactory. An actual 
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cover of 1 in. in slabs with bars of less than 1-in. diameter is sufficient. An actual cover 
of 14 in. over the main bars in beams, counterforts and columns is also sufficient. 


APPENDIX TWO 


WORKING STRESSES AND SPECIFICATIONS 


BEFORE commencing a design several conditions must be considered to assess reasonable 
working stresses. These include (1) the materials available, (2) the labour available, (3) the 
plant available, (4) the quality of supervision, and (5) any particular conditions applying 
to the proposed work such as the local climate. 

MaATERIALS.—In many areas in Great Britain good aggregate is not produced. An 
additional haulage of one mile adds (in 1962) about 6d. per ton to the cost. Local aggregate 
may therefore have to be used with lower stresses in the concrete (or a richer mix), or better 
and more expensive aggregate obtained from a distance. 

Lasour.—There are obvious limitations of native labour on contracts abroad. British 
labour may vary with the district and the type of contractor. A contractor who specializes 
in reinforced concrete has an organization of senior workmen who are (or should be) 
experienced in the construction of reinforced concrete. A builder attempting his first 
reinforced concrete work is here at a disadvantage. The designer should estimate the 
accuracy to which the available labour can reasonably be expected to work, and prepare 
a design and specification within these limits. 

Piant.—The plant required varies from a large contract with a full complement of 
new and efficient plant to small work in a remote district for which there may be available 
only a few items of worn-out plant. A good specification will call for a reasonable minimum 
amount of plant having regard to the size of the work. 

SuPERVIsION.—The supervision probably varies more widely and has more effect on 
the quality and strength of concrete than the two preceding items. At one end of the scale 
is very large work on which every operation is carried out under independent experienced 
supervision, and at the other end the very small contract left entirely to a junior leading- 
hand with no independent supervision. 

PARTICULAR AND PERSONAL CONSIDERATIONS.—Apart from the vagaries of climate, every- 
one connected with a contract has his own fancies or foibles, and to make a reasonably close 
estimate of the extent to which these should be humoured or opposed is one of the engineer’s 
problems. Variations are too numerous to list, but they often play an important part in 
the wording of a specification or the detailing of a design. For example, if the only means 
of placing the concrete is by a chuting plant, then the designer must specify a chutable mix 
Sucrose! 229 OF 1:14 3 2h, 

EFFECT OF SIZE OF STRUCTURE.—The type of plant and quality of supervision almost 
always vary with the size of the work. Control of the quality of materials and the labour 
employed are also generally better on large works. For large works it is reasonable to draft 
a detailed specification calling for close control of all operations, and it is possible to adopt 
a complicated arrangement of reinforcement with high working stresses in the concrete. 
On many small works detailed technical wording may lead to misunderstanding and mis- 
takes, while a complex arrangement of reinforcement may result in reinforcing bars being 
left out. For small isolated works it is unwise to use a mix leaner than 1 : 1} : 3, to issue 
any specification other than a few clearly-worded directions, or to have complicated rein- 
forcement details; a working stress of 750 lb. per square inch should not be exceeded. 

Errect or S1zE or MEmBers.—In B.S. Code of Practice CP.2007:1960 there is a failure 
to distinguish between allowable stresses in the concrete in small members and in large 
members. In a small thin member a single batch of poor concrete will ruin its strength. 
A large thick slab would suffer little from just one batch of poor concrete. In thin sections 
the concrete stresses must be based on reasonable minimum cube-strengths, while in heavy 
construction the average cube-strength is the proper criterion. The writer would use a 
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1 : 14: 3 (as was common before the Code was published) where a 1 : 1-6 : 3-2 mix is recom- 
mended in the Code, and in reasonably solid construction would adopt the following working 
stresses in the concrete: 


In direct tension in circular tanks: 200 lb. per sq. in. 
In direct compression: EO) no Ah 99 at 
In compression due to bending: 1525 00m cnn eG ISG 
In shearing: WOU aes BO OF 
Bond stress average: : 131555) sss USS 
Shear-bond: 2OO 5, 55 93 99 


In light construction 80 per cent. of these stresses would be reasonable maxima. 

If unhampered by official restrictions, the writer adopts a calculated stress in tension 
in the steel of 16,000 lb. per sq. in. due to bending and 13,500 lb. per sq. in. in hoop tension. 
The only sources of trouble encountered have been temperature cracks caused by filling 
tanks with hot liquid on a cold day. 

Linep TANnKs.—The adoption of low calculated working stresses is not called for if a 
waterproof lining (usually asphalt) is provided. It may be argued that a liquid-containing 
structure is certain to receive its full design load, while an office floor designed to carry a 
nominal imposed load is unlikely ever to do so. On the other hand it is unlikely, and often 
impossible, that a tank will ever be overloaded, while there is always the chance that someone 
may place a heavy safe on a floor not designed to carry it. It therefore seems reasonable 
to use the same working stresses for both. 


Factor of Safety in Construction 


Much has been written about factors of safety in completed structures but such discus- 
sions are inaccurate and incomplete unless factors of safety in constructional operations 
are also considered. ‘To the academic expert a I : 1-5 : 3 mix is, apparently, always gauged 
in the proportions of 112-00 lb. of cement to 1-8750 cu. ft. of sand at standard density to 3-7500 
cu. ft. of shingle. No method of gauging, manual or mechanical, is perfect. The author 
has known of two occasions where it was discovered, when the shuttering was removed, that 
a batch of concrete, containing no cement whatever, had been gauged, mixed and placed. 
If it is essential that no batch should fall below 1 : 1-6: 3-2 the specification must call 
for proportions of at least 1: 1:5: 3. 


APPENDIX THREE 


PRS Reon se MELWOD OF CALCULATING 


RESPERAINT 


Tue following notes on Dr Reissner’s method have been compiled by Mr H. V. Carpenter, 


A.M.I.C.E. 


In the cross-section of the cylindrical tank shown at (a) in Fig. A3.1, let x be the depth 
from the top of the tank to the point considered, d the thickness of the wall at a depth x, du 
the thickness of the wall at its junction with the base, v the radial deflection of the wall in a 


Fig. A3.1. 


horizontal direction, u the displacement of the wall in the direction of the x-axis, m Poisson’s 


ratio, and w the weight of the contained liquid per unit of volume. 


The strains in the direction of the x-axis and the radius, respectively, due to the hori- 


zontal pressure of the contained liquid are 


du an(r +v) —2nr ov 
& = 7) and & = - — = 


and the stresses corresponding to these strains are 


Ed Ed 
T= (e, + me), and T,= enc + me)) 


1— m= 


The curvature due to the deflection v is 
ED : 
i = —~ (approximately) 
dx? 


and the bending moment is 


M, 


EI d*v Ed d*v 
~ (1 — m®) de® 12(1 — m?®) dx? * 
dM, 
Poe 


The shearing force S$, = 


(A) 
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The conditions of equilibrium expressed in cylindrical co-ordinates are 
aT, 


cee for the forces in the direction of x . _. i (F) 
MGT A ~~ 
a + ae wx for the forces in the direction of r. ; . (FF) 
i r 

From equations (B) JT, = 0, hence 

d mo 

wo 

dx r 


Substituting the values of M, and S, from equations (D) and (E), and T, = Edu/r from 
equation (B), in equation (Fj), 
d* [ ,d*v 12(1 — m?) (1 — m?) 
Alc) + - a du = 12 wx. ? . ea 
WALLS OF TRIANGULAR Cross-SECTION.—Let ¢ = x/H and d = &dy (see Fig. 3A.1b) so 
that equation (H) may be written 


F , 
eae +éu=HE . os : . oe 
4 poe 2 
where x= are me : ¢ yoO8 ~ HS 
igo cst 
and i= aan m*) w (K,) 


The differential equation (J) must satisfy the following boundary conditions. 
di 
For = 1:0, v =0, = =o (fixed end). 
For € = 0, M, =0, Sy, = 0 (free end). . zy : (L) 
d*y d*y 
tigers 3 = 
OF aE ° 2 a 


The method of integrating equation (J) adopted by Dr Reissner is based on the theory 
of linear differential equations with the use of two converging series. ‘The complete integral 
in open form is 


4 
Oe rs ala Cy2, ar Cyv2 ae . . ° é : . (M) 
h ne? - 24 e3£6 
aa 41" ~ aig! ' ais! 6b! °° 
2nE2 anret 2356 
% =«(: Vise a ? 
a , , 
C= = 4 Se 
H# Vg — Uz Vg H Ug — Uy'Vg 


ne these expressions v,, v,, v;’, and v,’ are the values of v,, v, and their differential coefficients 
(0) te 


The deflections have been calculated from these equations for values of x of 10, 100, 


. 2 ; d* 
1,000 and 10,000. The bending moment is determined by in = Cy," + C,v,’"5 hence 
a 2&2 __ wee 
yi” = —-— 4+ — -— —— 
5 ais! iq! 


oe Dy w2E2 — yp BEM : ° ; : (N) 
Ug eras 
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Watts oF Constant Tuickness.—In this case d= d, and equation (J) becomes 
dy 
d&* 


The boundary conditions are v = v’ = o for € = 1 (fixed end), and vo” =v’” =o for & =o 
(free end). The general solution of equation (P) is 


+=... OY 


v= s + A’ cos n€ cosh nE + B(sin né cosh né + cos né sinh nE) .— ~~ . (Q) 
where n = ce 
4 
Mgr ____— ancosn cosh n — (sin n cosh n + cos nsinh n) 
A _n[2 cos? n cosh? n — (cos? n sinh? n — sin? n cosh? n)]’ 
pene a n(cos n sinh nm — sinn cosh n) — cosn cosh n 
A n[2 cos? n cosh? n — (cos? n sinh? n — sin? n cosh? n)]° 


For large values of x and consequently n, as sinh n = }(e” — e~”) = Vcosh?n — 1, an approxi- 


mation may be made, namely, 
sinh n = cosh n = $e” ¢ c : : ~ aR) 


Introducing the notation &, = 1 — &, due to Miiller-Breslau, 


n-i., 
cosn&, + sin n &, 


m n 
a = : : : . S 
Bee cosh n é, + sinh n &, 8) 


, n—t i 
anda S 2% = on ee ee a 
' cosh n &, + sinhné, 
In these equations cosh n £, — sinh n &, can be replaced by e”*4. Numerical values of the 
hyperbolic functions may be obtained from handbooks or from equation (R). As 
loge” = nlog,e = n and log,$e” = n — log-2, values of e” may be obtained from a table 
of natural logarithms. 
The ring tension may be found from equations (A) and (B). 


ig Set ta (7): Substituting in this equation the values obtained 


i= 


1—m}r x (1 — m*)r 
from equations (K), 


x d - 
fhe = Hiro) . . . . . (VU) 


From equation (D) the bending moment is 
Ed*2*0 Ed’ dt i Ed,? * d%y 8 
12(1 — m?) dx? 12(1 — m?)H?d&2 x 12(1 — m*)H*\ A dé? dy? } 


M, = 


Neglecting m? and transposing equation (K) 


raw I fn dv d3 
eee he ee : , ; : . ones 
Mz H A d&2 4 Oe 


‘The term in brackets in equations (U) and (V) is a pure number and may be calculated 
from equations (M) and (N) for walls of triangular cross-section and from equations (S) 
and (T) for walls of rectangular cross-section. 

The fixing moment at the bottom of a wall of rectangular cross-section is found by putting 
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’ dv % 
& = 0 or € =a in equation (PF eee era = 


an(n — 1). This value inserted in equa- 


tion (V) gives 
rw I 
Wik == gene — 1) 5 ; A 4 . (W) 
Usually it is sufficiently accurate to assume that J/A = p2du". 

In walls of rectangular cross-section the ring tension TJ, is zero at the bottom of the 
tank (¢ = 1) and also at the top of the wall (€ = 0) for the larger values of n common in 
practice. For sufficiently large values of n equation (S) may be differentiated thus, 
cosh n &, + sinhn é, — cosn &, — (an — 1) sinné, = 0, and the maximum value of T, is 
where , ~~ 
ee a 
sin né, 

The maximum value of M, is found for sufficiently large values of n by differentiation of 
—1 


n : n—tI : 
equation (T); thus — sin n&, — cos né, — cos n€, + sin n§, = 0 
or tan né, = an — I es : , Ge 


Te 
For large values of n it is sufficiently accurate to assume né, = — — . Hence 


I 


cos ng, = and sin n&, = 1 


— ————_..., as 
n—-1 2(2n — 1)” 


an I I 
i & So em £ — at#| 1 — oe pee 
sinh n€, + cosh nf, = e™%: = = e male 


a 
bs x? 2n-1 
Asche i++ i+... thene =1+ 
1! ! 


+ 
an— 1 2(2n — 
equation (T) becomes 


n—I ie n—I I 
cos n§, — sin n&, crear ee =a) 
~ cosh né, + sinh né, ok (: Do ) 
an — 1) S{Sni ae 


As the numerator and the term in brackets of the denominator are approximately unity, 


a eon, sina, f= NY 
ee: iis n(2n — 1) an — I n(2n — 1) ]* 
cosh n&, + sinh né, 


Hence the maximum value of M, becomes 
uy Le I 
M, = — aoe" + Pepe ; i . 4 5 (Z) 


Frequently, the top of the wall is connected to the roof of the tank, but this does not 
materially affect the stresses in the walls because the deflection at the top is nearly zero 
for tanks of the proportions commonly met with and for walls of rectangular c1oss-section. 
For walls of triangular cross-section and tanks with small values of “, ring compression may 
occur if the deflection at the top of the wall is restrained. 

From the foregoing analysis it may be seen that the distribution of load on the wall of 
a cylindrical tank will depend on x. In Fig. A3.2 the load-distribution curves are plotted 
for values of x of 10, 100, 1000, and 10,000 for walls of both rectangular and triangular cross- 
section. The restraining moment in walls of rectangular or triangular cross-section has 
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Tai tne) 
. . : ; Pay 

m is Poisson’s ratio. Following the usual assumption for reinforced concrete that m is equal 


been computed from equation (W) for various values of y. Now y = where 


to zero 
Pe & 
Ms r2dy2 
oO att AQ Tt” 
fa D- D 

y H ) 

2 By" 

32 Tanks with Tanks wilh 
= Q triangular reclangulor 
<4 wallsecton wallsechon 
is f curves in full dotted curves 
a} 

XU 

7a 

8 

3 

10 

f 2 3 4 S 6 7 8 o 10xp 
Load p 
Fig. Az.2. 


In Chapter 3 and 4 a criterion of H/./TR is used, where T and R have the same value as 
d, and r in Reissner’s analysis, so that 


eee) 
al VTR . 


H 10 
When Fe, =F 0; VTR = fe = 0°954, 
H 100 
when = 100, ——— = 4/_—— —y}. 
a The ©. 12 apo, 


etc e 


Note.—Equation (W) is strictly only correct for a rectangular cross-section, but it can be 
applied with slight modification to a triangular cross-section. 
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